olume 29 JUNE, 1959 Number’? 


t | Journal of 
Sedimentary Petrology 


JUL 20 i¥9¥9 
A Publication of the Society of Economic Paleontologists and Mineralogists 
a Division of 
The American Association of Petroleum Geologists 


« CONTENTS » 


Reflections on the interpretation of heavy mineral analyses ...Tj. H. Van Andel 
Microfacies of Wabash Reef, Wabash, Indiana 
Albert V. Carozzi and Valentine E. Zadnik 
The petrology of some Pennsylvanian black “shales” 
Charles E. Payton and Leo A. Thomas 
Estimation of a minimum depth of burial for a Pennsylvanian underclay 
A, G, Altschaeffl and W. Harrison 
Character and genesis of massive opal in Kimball Member, Ogallala Formation, 
Scott County, Kansas Paul C. Franks and Ada Swineford 
Effect of size and genetic quartz type on sphericity and form of beach sediments, 
Northern New Jersey Harvey Blatt 
The mineralogy and texture of beach sands of Galveston Island, Texas 
John J. W. Rogers and Henry C. Adams, Jr. 
Gravels of Alameda Creek, California Anton L. Inderbitzen 
The importance of modes in cross-bedding data William F. Tanner 
Feldspar staining methods John R. Hayes and Michael A. Klugman 
The photo-extinction method for the measurement of silt-sized particles 
Gene Simmons 
Description of the Mackereth portable core sampler Alee J. Smith 
Significance of Ss dew in permeable sandstones Milton T. Heald 
The origin of stylolites in the light of a petrofabric study W. W. M. Brown 
Diagenesis of Late Cambrian odlitic limestone, Maurice Formation, Montana and 
Wyoming C. W. Brown 
Analytical procedures applicable to fine-grained sedimentary rocks 
Robert L. O’Neil 


Columnar contemporaneous deformation 
Clyde T. Hardy and J. Stewart Williams 
Possible eddy markings in the Shinarump Conglomerate of Northeastern 
MIGOU  o ou v's sn ck bas ate be Shea Mia cee a pees ce abled J. Keith Rigby 
Statistical study of heavy minerals in sands of the South River, Augusta 
County, Virginia: Revision and notes Dorothy Carroll 

REVIEW 

Ada Swineford, editor, Clays and Clay Minerals, Fifth National Conference 
on Clay and Clay Minerals John B. Droste 


SOCIETY RECORDS AND ACTIVITIES 
Reports and minutes of the thirty-third annual meeting 
Constitution and by-laws 














Journal of Sedimentary Petrology 





A Publication of the Society of Economic Paleontologists and Mineralogists 
a Division of 
The American Association of Petroleum Geologists 





EDITOR 
Jack L. HouGu, University of Illinois, Urbana, Illinois. 


ASSOCIATE EDITORS 
RavpH E. Gri, University of Illinois, Urbana, Illinois. 
WILLIAM C. KRUMBEIN, Northwestern University, Evanston, Illinois. 
Heinz A. LowenstaM, California Institute of Technology, Pasadena, California. 
R. Dana RussELL, Ohio Oil Company, Littleton, Colorado. 
RAYMOND SIEVER, Harvard University, Cambridge, Massachusetts. 


EDITORIAL ASSISTANTS 


GEorGE R. GUFFEY AND PETER FENNER, University of Illinois, Urbana, Illinois. 





The Journal of Sedimentary Petrology is published in March, June, September, and De- 
cember of each year. 


Annual membership dues of the Society of Economic Paleontologists and Mineralogists 
are as follows: 


including the Journal of Sedimentary Petrology 
including the Journal of Paleontology 
including both journals 


The subscription prices of the journals, to non-members of the Society, are as follows: 


Journal of Sedimentary Petrology 
Journal of Paleontology 


Postage is included in these prices, for all addresses in the United States. An additional charge 
of 40 cents on annual subscriptions is made for addresses in all other countries. 

The price of single numbers of the Journal of Sedimentary Petrology is $1.50 to members 
and $3.00 to non-members of the Society. 

Communications about Journal subscriptions, rates, memberships, change of address, 
and non-receipt of preceding number should be addressed to Society of Economic Paleontolo- 
gists, and Mineralogists, P.O. Box 979, Tulsa, Oklahoma. Claims for non-receipt of preceding 
numbers must be sent in within three months of the date of publication in order to be filled gratis. 

Communications regarding manuscripts and purely editorial matters should be addressed 
to The Editor, Journal of Sedimentary Petrology, Department of Geology, University of Illinois, 
Urbana, Illinois. 


NOTICE 


Articles submitted for publication in the Journal of Sedimentary Petrology should be original 
pages, typewritten double-spaced on 8} by 11-inch white paper. A prefatory abstract is re- 
quired for all papers, exclusive of short notes and discussions. The mechanical details of the 
manuscript should conform with usage in recent issues of the Journal, particularly in regard to 

capitalization and citation of references. Tables and illustrations should be separate from the 
text, and originals of illustrations are preferred. Detailed instructions and suggestions are 
given in the March, 1958 issue of the Journal (v. 28, p. 102-107). 





Second-class postage paid at the Post Office at Menasha, Wisconsin, and at additional 
mailing office. 


GEORGE BANTA COMPANY, INC., MENASHA, WISCONSIN, 
PRINTED IN THE U.S.A. 














SOCIETY OF ECONOMIC PALEONTOL- 
OGISTS AND MINERALOGISTS 


A Division of 
The American Association of Petroleum Geologists 





OFFICERS FOR THE YEAR ENDING APRIL, 1960 


President: SAMUEL P. ELLISON, JR., Austin, 
Past-President: GORDON RITTENHOUSE, Houston, Texas. 

Vice-President: WILLIAM J. PLUMEY, La Habra, California. 

Secretary-Treasurer: JOHN IMBRIE, New York, New York. 

Editor, Journal of Sedimentary Petrology: JACK L. HouGu, Urbana, Illinois. 

Co-Editors, Journal of Paleontology: M. L. THOMPSON and C. W. Co.tinson, Urbana, Illinois. 


The foregoing officers constitute the Council of the Society. 


Texas. 





REPRESENTATIVES AND COMMITTEES 
REPRESENTATIVE TO NATIONAL RESEARCH COUNCIL 


Joun C. Frye (for the term ending 1961 
REPRESENTATIVES ON BOARD OF DIRECTORS OF THE 
RICHARD V. HOLLINGSWORTH, Senior Representative. 
GorDoN RITTENHOUSE, Junior Representative. 
REPRESENTATIVE TO THE GOVERNMENT RELATIONS COMMITTEE OF THE 
LOGICAL INSTITUTE 
NorMaAN S. HINCHEY 
RE PRESE NTATIVE TO AMERICAN ASSOCIATION FOR THE 
UMAN (for term ending 1960) 
ISE ON INVERTEBRATE PALEONTOLOGY 
Moore 
CH: ATRM. AN FOR 1960 ATLANTIC 
BOARDMAN 
RESEARCH COMMITTEE 
L. M. CLINE A. 
H. A. IRELAND Pa 
W. D. Pye 
G. E. Murray 
S. G. WISSLER 
H. A. LowENSTAM 
= B. VAN HouTEN 
. H. AKERS 
NOMINATING COMMITTEE 
AvuGust GOLDSTEIN (Chairman) 
GEORGE G. HUFFMAN 
HAROLD L. WILLIAMS 


PUBLICATIONS COMMITTEE 
J. L. WiLson 
C. L. Cooper 
MEMBERSHIP COMMITTEE 


AMERICAN GEOLOGICAL INSTITUTE 
AMERICAN GEO- 
ADVANCEMENT OF SCIENCE 


RAYMOND C. 
S.E.P.M. VICE- 


CITY CONVENTION 
RICHARD S. 


. MuNYAN (Chairman) 

S. REINHART 

R. N. GrnspurG (Vice-Chairman) 
H. N. FRENZEL 

M. L. NATLAND 

R_ W. SCHWEERS 

E. J. GUZMAN 


WiLuiaM J. HItsEWwECK 
WALTER C. SWEET 
FRANCIS P. SHEPARD 


H. A. IRELAND (Chairman) 
T. H. VANANDEL 
A. C. MUNYAN 


Joun P. BRAND (cna 
M. QUIGLEY 
Davip CLARK 
Don FRIZZELL 
D. J. Jones 
LAURENCE LATTMAN 


COMMITTEE TO SELECT 


THEODORE Ww ALKER 
O. L. BANDY 
J. J. GRAHAM 


BEST PAPER AT 1959 DALLAS CONVENTION 


‘cott (Chairman) 
-AND 
T. LONSDALE 


W. M. MERRILL 
L. M. PYEATT 
RAYMOND SIEVER 








PACIFIC SECTION S.E.P.M. OFFICERS (1959-1960) 
President: CHARLES W. Cary, Bakersfield, Calif. Secretary-Treasurer: 
Calif. 
GULF COAST SECTION S.E.P.M. OFFICERS (1958-1959) 
President: Marcus A. HANNA, Houston, Tex. Secretary: Frep E. Smitu, College Station, 
Vice-President: CLAUDE M. QUIGLEY, JR., Houston, Tex. Treasurer: B. L. HILL, New Orleans, La. 
PERMIAN BASIN SECTION S.E.P.M. OFFICERS (1959-1960) 
Midland, Tex. Secretary: RAYMOND W. RALL, Midland, Tex. 
THOMAS HAMBLETON, Midland, Treasurer: CHARLES A. REINKE, JR., Midland, Tex. 


Arvin A. ALMGREN, Bakersfield, 


Texas. 


President: CarL ULvoc, 
First Vice-President: 


ex. 
Second Vice-President: JOHN P. BRAND, Lubbock, Tex. 














Volume 29 JUNE, 1959 Number 2 





Journal of Sedimentary Petrology 





A Publication of the Society of Economic Paleontologists and Mineralogists 
a Division of 
The American Association of Petroleum Geologists 


CONTENTS 


Reflections on the interpretation of heavy mineral analyses.............. 
Tj. H. Van Andel 





Microfacies of Wabash Reef, Wabash, Indiana 

{bert V. Carozzi and Valentine E. Zadnik 

The petrology of some Pennsylvanian black ‘‘shales’’ 
Charles E. Payton and Leo A. Thomas 
Estimation of a minimum depth of burial for a Pennsylvanian underclay. . 
Renee cence as (Gag St GN Sega gs ones eee, 1. G. Altschaeffl and W. Harrison 
Character and genesis of massive opal in Kimball Member, Ogallala Forma- 
tion, Scott County, Kansas........ Paul C. Franks and Ada Swineford 
Effect of size and genetic quartz type on sphericity and form of beach sedi- 
ments, Northern New Jersey Harvey Blatt 
The mineralogy and texture of beach sands of Galveston Island, Texas... . 
John J. W. Rogers and Henry C. Adams, Jr. 
Gravels of Alameda Creek, California tnton L. Inderbitzen 
The importance of modes in cross-bedding data William F. Tanner 
Feldspar staining methods........ John R. Hayes and Michael A. Klugman 
The photo-extinction method for the measurement of silt-sized particles. . . 
Gene Simmons 


Alec J. Smith 


Diagenesis of Late Cambrian oGlitic limestone, Maurice Formation, Montana 
and Wyoming C. W. Brown 
Analytical procedures applicable to fine-grained sedimentary rocks........ 
Robert L. O' Neal 
NOTES 
Columnar contemporaneous deformation 
Clyde T. Hardy and J. Stewart Williams 
Possible eddy markings in the Shinarump Conglomerate of Northeastern 
EC eT Cee Nene, > J. Keith Rigby 
Statistical study of heavy minerals in sands of the South River, Augusta 
Dorothy Carroll 
REVIEW 
Ada Swineford, editor, Clays and Clay Minerals, Fifth National Con- 
ference on Clay and Clay Minerals............... John B. Droste 
PAPER) FOR ae PEE PR 0 84s bl REG oe AS WS Sele Ee Eee ea 
SOCIETY RECORDS AND ACTIVITIES 
Reports and minutes of the thirty-third annual meeting 
Constitution and by-laws 





PAPERS IN PRESS FOR FORTHCOMING ISSUES OF THE JOURNAL 


Permo-Pennsylvanian paleogeography of part of Oklahoma. By 
William F, Tanner. 

Structures in the stratified late-glacial clays of Windermere, England. 
By Alec J. Smith. 

Size and shape of rock fragments in Tuscarora Scree, Fishing Creek, 
Lamar, central Pennsylvania. By J. C. Griffiths. 

Detection of lognormal size distributions in clastic sediments. By 
John J. W. Rogers. 

Pre-glacial residual soil in central Ohio. By C. H. Summerson. 

Evidence of weathering at the Silurian-Devonian contact in central 
Ohio. By C. H. Summerson. 

Diagenesis in Mississippian calcilutites and pseudobreccias. By 
R. G. C. Bathurst. 

Sample components obtained by the method of differences. By William 
F. Tanner. 

Axial and marginal sedimentation in geosynclinal basins. By John L. 
Knill. 

Rapid macroscopic fabric studies in drill-cores and hand specimens of 
till and tillite. By Aleksis Dreimanis. 

Calcareous spring deposits, Dubois area, Wyoming. By C. C. Reeves, 
Jr. and Harland Soper. 

Near-shore studies in sedimentology and morphology along the 
Florida Panhandle coast. By William F. Tanner. 

The mechanical composition of some intertidal sands. By S. A. Harris. 

Petrography and facies of some Upper Viséan (Mississippian) lime- 
stones in North Wales. By A. Banerjee. 

Microfacies study of a Middle Devonian bioherm, Columbus, Indiana. 
By Albert V. Carozzi and Walter R. Lundwall, Jr. 

Correction of some earlier data on calcite and dolomite in sea water. 
By James R. Kramer. 

Lithotopic relationships in deep-water troughs. By Keith A. W. Crook. 





JOURNAL OF SEDIMENTARY PETROLOGY, VOL. 29, No. 2, pp. 153-163 
Fics. 1-3, JUNE, 1959 


REFLECTIONS ON THE INTERPRETATION OF 
HEAVY MINERAL ANALYSES! 


TJ. H. VAN ANDEL 
University of California, Scripps Institution of Oceanography, La Jolla, California 


ABSTRACT 


The study of heavy minerals, an important field of endeavor for the sedimentary petrographer 
prior to 1940, has declined in recent years. This decline, caused primarily by the disappointing results 
of heavy mineral correlation, is regrettable because in regional stratigraphic and paleogeographic re- 
search the method is capable of contributing important information concerning the location and 
character of source areas and the distribution patterns of sediments. The following factors can modify 
the heavy mineral composition and limit the interpretation of the assemblage in terms of source area 
conditions: (1) weathering, (2) abrasion, (3) selective sorting, and (4) post-depositional solution. This 
paper attempts to show that (3) and (4) are of minor importance. In basins with a low rate of sediment 
supply and under conditions of intense weathering and reworking the others can strongly modify the 
composition of the heavy mineral assemblage. In basins of rapid deposition deriving their sediment in 
general from source areas with active erosion, the influence of all factors is negligible and the heavy 
mineral assemblage directly reflects the petrography of the source area. An example illustrates the 
type of problem for which heavy mineral analysis is of value. Problems of sediment source and dis- 


tribution in the Mississippi valley 
mineral analysis is considered rewarding. 


The author, during the past ten years, has 
had the opportunity to carry out a number 
of regional heavy mineral studies. The inves- 
tigations have included both work on Recent 
sediments and on the laws that control the 
composition of heavy mineral assemblages, 
and studies of the stratigraphy and paleo- 
geography of ancient basins. Some general 
thoughts concerning the interpretation of 
heavy mineral assemblages, based in part on 
this work, were presented in a symposium 
“Problems of correlating and interpreting 
sedimentary facies” at the Los Angeles meet- 
ing of the American Association of Pe- 
troleum Geologists, March 1958. The pres- 
ent paper is a further elaboration of the 
author’s thoughts on the subject in the hope 
of stimulating interest in a topic that in his 
opinion has been neglected too much in 
recent years, particularly in the United 
States. The author wishes to thank M. N. 
Bramlette, P. D. Krynine and G. A. Rusnak 
for stimulating discussions on the subject. 

Heavy mineral analysis is almost the 
oldest field of endeavor in sedimentary 
petrology. As early as the end of the 19th 
century publications on the heavy mineral 
content of sediments were remarkably 
abundant. An interesting history of sedi- 


1 Manuscript received November 22, 1958. 


and the Gulf Coastal Plain in the Cenzoic are a field where heavy 


mentary petrology prior to 1930 was given 
by Boswell (1933) and is well worth reading. 
It shows the stages of growth from a col- 
lector’s interest in an inventory of all heavy 
minerals in a sample on through qualitative 
analysis for stratigraphic and _petrologic 
studies, for example tracing the erosional 
history of a batholith (Brammall, 1928), to 
modern quantitative techniques. In the 
following years, preceding World War II, 
economic interest from the side of the pe- 
troleum industry stimulated a period of 
great activity, primarily in the use of heavy 
mineral analysis as a correlation tool. This is 
demonstrated by an impressive series of 
publications and an even larger quantity 
of unpublished material in oil company 
files. Even today, heavy mineral analysis 
and heavy mineral correlation are synony- 
mous to many geologists. Recently, how- 
ever, the interest in investigations of this 
nature has declined rapidly, and one might 
even say that they have fallen into dis- 
repute. 

In part this is due to the development of 
much more sensitive and convenient tech- 
niques for correlation, as for example micro- 
paleontology, electric log analysis and pollen 
studies. These methods which have many 
scientific and practical advantages have in 
most cases obviated the need for mineral- 
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ogical correlation. Only occasionally the 
method is still applied (Feo-Codecido 1956). 

This, however, is not the only reason for 
the decrease in interest in the field. Mineral 
zones are often broad and poorly defined 
and have a disconcerting habit of crossing 
other markers at high angles. A good ex- 
ample is Cogen’s study of the Gulf Coast 
Tertiary (1940). Unfortunately, geologists 
have rarely stopped to ask why heavy min- 
eral zones behave in this peculiar way, but 
have discarded their use instead. It is the 
author’s opinion that this attitude is not 
justified and that in modern geology the 
study of heavy minerals in sediments has a 
definite and important place. It is the pur- 
pose of the paper to argue in favor of this 
viewpoint. 

In recent years the interest in broad re- 
gional studies of the paleogeography and 
facies distribution of entire depositional 
basins has increased enormously. Such stud- 
ies are designed to provide detailed descrip- 
tions of the lithology of the basin and of its 
tectonic and depositional history. They 
have proved to be geologically rewarding 
and have considerable economic importance 
because they are useful for a better under- 
standing of oil generation and migration. 
In order to obtain the sought-for under- 
standing of the depositional history, such 
studies require information concerning the 
sources of sediments, the morphological, 
climatological and petrographical character 
of the source areas, and the distribution 
patterns of the detrital materials in the 
basin. In this respect the mineralogical 
analysis of both the light and heavy detrital 
fraction of the sediments is of great value. 
The unraveling of the complex erosional 
history of a sediment source and of shifts in 
drainage patterns by these means have been 
found helpful in many cases. Light minerals 
are most useful when the source area consists 
mainly of sedimentary or low rank meta- 
morphic rocks, for example a mountain 
range in its earliest stage of uplift and ero- 
sion. Heavy mineral studies, on the other 
hand, are most useful when erosion has 
proceeded to deeper metamorphic and 
igneous rocks. Sometimes, with this method, 
both the erosional and tectonic history of 
the surrounding land mass and the deposi- 
tional history of the basin have been worked 
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out simultaneously (van Andel, 1958). 

For such studies we must be able to inter- 
pret the mineral assemblages found in the 
sediments in terms of the characteristics of 
the source rock. This implies the ability to 
eliminate or take into account all modifica- 
tions the assemblages undergo between the 
source rock and the completed analysis. 
The four principal factors that may modify 
the mineral composition are: (1) weathering 
both in the source area and in the deposi- 
tional basin; (2) mechanical destruction 
during transportation; (3) selective sorting 
of minerals according to size and density, 
and (4) chemical destruction after deposi- 
tion. A fifth factor, the error associated with 
the procedures of sampling and analysis, 
need not be considered here. 

The importance of modifications of the 
heavy mineral assemblage by weathering 
has been discussed and emphasized by many 
authors. A recent discussion of the problem 
was provided by Weyl (1952a). The effect 
of weathering is shown by a decrease of the 
less stable components, as for example (in 
approximate order) augite, hornblende and 
epidote, and a corresponding relative in- 
crease of the stable elements, kyanite, 
staurolite, tourmaline, zircon, and rutile. In 
extreme cases this process can supposedly 
convert a hornblende-epidote association 
into a kyanite-staurolite-zircon assemblage 
(Weyl, 1949). Although there is difference 
of opinion between various authors con- 
cerning the order of decreasing stability 
(see Pettijohn, 1957, table 95) and the 
conditions under which weathering takes 
place, it appears to be a well established 
fact that heavy minerals can indeed be se- 
lectively eliminated by weathering. 

For the purpose of this paper the processes 
of weathering themselves are of less interest 
than the quantitative importance of weath- 
ering as a destructive agent in controlling 
the mineral composition of sediments in de- 
positional basins. Admitting that weather- 
ing can modify the heavy mineral assem- 
blage in the source area or after deposition, 
how often does this actually happen and to 
what extent? 

A survey of the literature shows that 
although many assumed cases of weathering 
of heavy mineral assemblages have been 
described, an appreciable portion of them 
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can be explained equally well as the result 
of mixing of sediments from various sources 
(van Andel, 1952). Of the remaining still 
impressive number of cases the most pro- 
nounced examples are found either in very 
permeable sands and gravels above the 
ground water table (see for example Weyl, 
1951a), in intensely weathered podzolic soils 
in the temperate zone (e.g. Weyl, 1951b, 
van der Marel, 1949), or in areas under 
humid tropical conditions (Wahlstrom, 
1948, Hiibl, 1942, and others). 

The detritus supplied from a source area, 
however, is not necessarily derived from the 
weathered crust. In tropical regions the 
thickness of the weathered crust can be 
great and the regolith can represent an ap- 
preciable quantity of sediment available for 
erosion. In temperate zones the thickness of 
the weathered crust is generally small and 
when erosion is sufficiently active to supply 
the large quantity of material required to 
fill a major depositional basin, fresh bedrock 
is generally exposed. In most rivers of the 
temperate zone weathered detritus appears 
to constitute a small part of the load only, 
but even in the tropics highly unstable 
mineral assemblages are often found in 
rivers draining deeply weathered areas (for 
example, New Guinea, van Rummelen, 
1951; Guayana Shield, van Andel and Post- 
ma, 1954; Nile, Shukri, 1950). Krynine 
(1935) has shown that under conditions of 
severe tropical weathering arkoses can be 
formed. It may be noted in passing that the 
author is familiar with a number of com- 
parisons of outcrop and subsurface samples 
from the same formation in tropical areas. 
No significant differences attributable to 
weathering have ever been observed. 

Apparently, even conditions of intense 
weathering in the drainage basin of a river 
need not result in a stream of detritus which 
is devoid of or even deficient in unstable 
components. This is probably at ieast partly 
due to the fact that the dense vegetation in 
humid tropical areas restricts lateral ero- 
sion. There is emphasis on vertical erosion 
as soon as the relief is sufficiently pro- 
nounced to create rivers of enough com- 
petence to carry an abundance of sand-sized 
sediment and heavy minerals. Where relief 
is not great enough, the supply of sediment 
and consequently the rate of sedimentation 
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in the basin will be very low. 

This suggests that although weathering 
certainly may modify heavy mineral as- 
semblages profoundly, its influence on the 
composition of sediments is negligible in 
basins with a moderate to rapid rate of dep- 
osition. On old cratons, weathering under 
tropical conditions may result in deep and 
complete alteration of the mineral assem- 
blages. It is, however, a slow process, most 
active in areas of low relief, and its products 
will be important only in basins with a slow 
rate of deposition. 

Another factor theoretically capable of 
modifying the composition of the heavy 
mineral assemblage is selective mechanical 
destruction during transportation. Lab- 
oratory experiments on the rates of wear of 
various mineral species show that there is 
considerable difference between different 
species in the susceptibility for wear (for a 
summary see Pettijohn, 1957, pp. 558- 
561). Studies of natural examples, however, 
have never demonstrated an appreciable 
effect of mechanical wear in rivers even 
with 600-1000 miles of transportation (Rus- 
sell, 1939 for the Mississippi; van Andel, 
1950 for the Rhine). Even for beaches where 
the total distance traveled by the particles 
may be many times greater than the dis- 
tances attained in river transportation, no 
conclusive proof for the elimination or even 
reduction of minerals has been presented. 
Nevertheless, it can be assumed that very 
prolonged reworking may result in the de- 
struction of the mechanically less stable 
elements, but the time and energy required 
are certainly very large. 

The composition of the heavy mineral 
assemblage of a sediment can be modified 
by sorting according to density and size dur- 
ing transportation and deposition. Heavy 
minerals cover a wide range of densities from 
2.89, the cutoff point in bromoform, to over 
5.0. Sizes range from an approximate mini- 
mum of 0.03 mm to larger than 0.5 mm and 
many species show a preference for specific 
size ranges. Zircon and rutile, for example, 
are almost always very small. Consequently, 
very fine grained sediments tend to have 
assemblages rich in zircon (van Andel, 
1954; Poole, 1958) which are the result of 
sorting, not of the presence of a zircon-rich 
source rock. A zircon assemblage, therefore, 
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always requires a test for dependence on 
sorting. The study of siltstones and shales 
in general has been found unrewarding. 

Many other minerals have preferred size 
ranges, which in general depend upon the 
particular size distribution of that mineral 
in the source rock. Pyroxenes, especially 
those derived from volcanic extrusives, are 
often large, but in other cases there is no 
preferred range or the pyroxenes are small. 
Epidotes are frequently concentrated in the 
finer grade. In some cases it is possible to 
use the size distribution of a mineral species 
as a varietal characteristic (van Andel, 
1950). 

The effects of sorting can be strong, when 
the assemblage contains species of widely 
divergent preferred ranges. In general, the 
influence of size is predominant; the influ- 
ence of density is of minor importance. In 
the region of the Rhone delta, France, two 
heavy mineral associations occur; a pyrox- 
ene-hornblende-epidote assemblage in the 
delta and nearshore zone, and a hornblende- 
epidote assemblage in the offshore deposits. 
The source of the deltaic assemblage can be 
traced easily to the volcanics of the French 
Central Massif (pyroxene) and the French 
and Swiss Alps (hornblende and epidote). 
The source of the other assemblage is ob- 
scure, since lateral supply appears to be 
ruled out by the presence of very different 
assemblages on both sides of the delta along 
the coast of the Mediterranean (van Andel, 
1956). 

The analysis of the grain size distributions 
of the diagnostic minerals (which together 
make up more than 75 percent of the as- 
semblages) shows that the pyroxenes are re- 
stricted to the coarsest fraction, the epidote 
to the finest, and the hornblende occupies 
an intermediate position (fig. 1). The three 
minerals approximately the same 
density. Differentiation of this assemblage 
by size sorting will result in coarse lag de- 
posits rich in pyroxene and fine differen- 
tiates with abundant epidote. A plot of all 
analyses from this region in terms of a three- 
mineral system, 
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pyroxene-hornblende-epi- 
dote, shows a clear differentiation series 
starting from the average Rhone assemblage 
The series is closely related to the deposi- 
tional facies of the samples (fig. 2). The 
deltaic deposits are mainly coarse grained, 
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lag-type, beach, dune and river sands; the 
offshore sediments in general are fine 
grained end products of the sorting process. 
The regional distribution of heavy mineral 
associations apparently is not due to differ- 
ences in source, but is the result of sorting 
of a highly heterogeneous original assem- 
blage. It is clear that failure to recognize 
this situation in an ancient basin would re- 
sult in comoletely erroneous conclusions 
concerning the location and character of 
sediment sources. 

This example has been described at some 
length because it presents an unusually 
clear case of an often mentioned phenom- 
enon. Fortunately, such cases are by no 
means common. The Mississippi delta, for 
example, shows no differences in mineral 
composition at all between sandy and clayey 
deposits. In fact, the heavy mineral as- 
semblages in the entire Mississippi dis- 
tributive province are strikingly homogene- 
ous. Thus, while a test of grain size control 
is always necessary, it may be concluded 
that only rarely will this factor seriously 
impair the interpretation of heavy mineral 
distributions in terms of source areas and 
source area characteristics. 

The last point requiring discussion is the 
post-depositional destruction of minerals, 
a process which Pettijohn (1941) has called 
intrastratal solution. This process can be 
taken to include both weathering at the site 
of deposition and solution occurring at 
greater depth below the water table, but for 
the present discussion the author prefers to 
restrict its meaning to the latter process. 

There is no doubt that the process of in- 
trastratal solution does indeed exist. Several 
well documented examples can be found in 
the literature (Bramlette, 1941; Weyl, 
1952b) of cemented or concretionary parts 
of sandstones with a mineral assemblage 
much richer in unstable components than 
the surrounding rock. Since differences in 
source between the various parts of the 
same sand could be ruled out, intrastratal 
solution must be held responsible for the 
disappearance of the less stable minerals 
from the porous non-cemented parts of the 
deposit. The number of such cases is small, 
and as far as this author is aware no proof 
has ever been advanced that the process can 
also operate on a much larger scale involving 
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Fic. 1.—Cumulative grain size distribu tions of principal minerals pyroxene, hornblende and 
epidote in detritus supplied by the river Rhone. Data from table 6, van Andel, 1956. 


great thicknesses and expanses of sediment. 

Sediment sources are infinitely varied in 
mineralogical composition and any number 
of source rocks can contribute minerals to 
the depositional basin. Theoretically, the 
variety of possible heavy mineral assem- 
blages is infinite. Nevertheless, the number 
of assemblages that usually is found is as- 
tonishingly small. Listing only the most im- 
portant constituents the more common as- 
semblages are the hornblende-epidote, epi- 
dote, kyanite-zircon, staurolite-zircon, gar- 
net-zircon-tourmaline and zircon-tourma- 
line associations. 


In many sedimentary basins these asso- 
ciations follow each other in a specific order 
which is from young to old, the one indicated 
above. Examples of such systematic se- 
quences are found in the Alpine geosyncline 
(von Moos, 1935), Tunesia, Gulf of Mexico 
(Cogen, 1940), New Guinea, Java (Doeglas, 
1940), Bighorn Basin (Stow, 1938), and 
Western Venezuela. The sequence generally 
occurs in Upper Cretaceous to Quaternary 
sediments. In pre-Cretaceous rocks the un- 
stable minerals are rare and the dominant 
minerals are zircon, tourmaline and some- 
times garnet. 
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of the heavy mineral assemblage supplied by the river Rhone: from fig. 16, van Andel, 1956. 


Pettijohn (1941; 1957, p. 503-506, 514— 
520, 674-679) has discussed this phenome- 
non at length with the aid of a compilation 
of all published heavy mineral analysis. This 
compilation clearly demonstrates a general 
decrease of the richness of the suite with in- 
creasing age and an increase of the abun- 
dance of stable minerals. This persistence 
series of the individual minerals and the 
sequence of heavy mineral assemblages 
mentioned above are quite similar to the 
mineral stability series proposed by several 
authors (Pettijohn, 1957, table 95). The 
consideration of this and related facts has 
led Pettijohn to conclude that “‘it is possible, 
if not probable, that the older sediments 
have lost the less stable species by intra- 
stratal solution’’ and that ‘“‘the suggestion 


has been made that the heavy mineral zones 
are stability zones and owe their existence 
and character to selective removal of the less 
stable species in the deeper zones by intra- 
stratal solution’’ (Pettijohn, 1957, p. 676— 
677). This is a statement of considerable 
importance because, if intrastratal solution 
does indeed have the importance suggested, 
most stratigraphic and _ paleogeographic 
conclusions based upon heavy mineral evi- 
dence would have no meaning. 

Krynine (1942) has taken exception to 
such a wide application of the concept of 
intrastratal solution and has attributed the 
differences between heavy mineral zones to 
tectonic control through differences in source 
area petrography, morphology and weather- 
ing. His opinion has been ignored almost 
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completely and the question deserves re- 
examination. 

In this respect three sets of observations 
are of prime importance. The characteristic 
sequence of heavy mineral zones described 
above does not occur in all types of deposi- 
tional basins but seems to be restricted to 
geosynclines. The more unstable members 
of the sequence appear during what Kry- 
nine (1942) has called the post-geosynclinal 
(orogenetic phase) and are the erosion pro- 
ducts of the recently deformed and elevated 
mountain range. The unstable suites char- 
acterize foredeep (‘‘molasse’’) deposits and 
the source areas are of the alpine type. Their 
first appearance, can, in many cases, be cor- 
related quite closely with the phase of maxi- 
mum diastrophism (van Andel, 1952) and 
the often stressed correlation between the 
heavy mineral zones and the geological 
time scale is true only in a very generalized 
sense. The epidote zone, for example, is of 
Pliocene age in New Guinea, Upper Oligo- 
cene-Miocene in Tunesia, Upper Oligocene 
in the alpine foredeep in Bavaria, Upper 
Eocene in Northwest Europe, Lower Oligo- 
cene in the sediments associated with the 
Andean foredeep in Western Venezuela. 
This suggests that diastrophism in the 
source area rather than mineral stability 
and intrastratal solution control the suc- 
cession of zones, and that the minerals re- 
flect the successive appearance by progres- 
sive uplift and erosion, of deeper metamor- 
phic and igneous layers in the orogen. 

If intrastratal solution would indeed be a 
major cause in the formation of heavy min- 
eral zones, this should show at higher levels 
in an increase of corrosion structures before 
the final disappearance of the species. Such 
corrosion structures are easily observed 
(Edelman and Doeglas, 1932). For a num- 
ber of unstable mineral zones in various 
parts of the world the author has investi- 
gated this possibility but has not observed 
any examples (van Andel, 1952). Similarly, 
it has been found impossible to establish a 
correlation between mineral stability and 
formation properties that would promote 
mineral solution as for example permeability 
and porosity. 

The strongest argument in favor of the 
theory that heavy mineral zones are con- 
trolled by mineral stability rather than by 
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provenance is that published analyses from 
many formations and many parts of the 
world show that unstable assemblages are 
indeed very rare in deposits of pre-Cretace- 
ous time. However, it is very questionable 
whether a compilation of all published ma- 
terial, such as the one presented byPettijohn 
(1941) in evidence of his intrastratal solu- 
tion theory, is indeed reasonably representa- 
tive for the heavy mineral suites of all rocks 
and facies of the geological column. A survey 
of the literature rather indicates the oppo- 
site. The Tertiary and Quaternary sediments 
that have been investigated for heavy min- 
erals are predominantly of geosynclinal and 
foredeep facies and the less stable assem- 
blages appear to be associated in general 
with orogenetic sources. Most of these stud- 
ies have been carried out outside the United 
States, many of them in connection with 
unpublished petroleum exploration work. 
On the other hand, published information 
on the heavy minerals of pre-Cretaceous 
sediments is largely restricted to sediments 
in platform facies that were derived from 
cratonic sources. Much of this work was 
done in the United States. Geosynclinal de- 
posits of pre-Cretaceous age are quite com- 
mon, but those belonging to the post-oroge- 
netic stage of development of the geosyn- 
cline have rarely been preserved and their 
heavy minerals have seldom been studied. 
Thus, it appears that the sample represented 
by the heavy mineral literature is heavily 
biased; in favor of geosynclinal post-oroge- 
netic sediments for the Cenozoic, in favor of 
stable platform deposits for the pre-Cretace- 
ous. 

Based upon these considerations the 
author feels that much can be said for the 
following interpretation of heavy mineral 
zones, which follows Krynine and is differ- 
ent in emphasis from the one favored by 
Pettijohn. Ina stable platform environment, 
where the sediments are derived from a 
cratonic, deeply weathered source of low 
relief, mineral assemblages subjected to con- 
siderable reworking are strongly altered and 
in general stable, except in the immediate 
vicinity of fresh outcrops of igneous and 
metamorphic rock. The absence of unstable 
minerals appears to be due not to intra- 
stratal solution but to processes prior to deep 
burial. On the other hand, in geosynclinal 
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and foredeep environments the mineral 
assemblage is essentially preserved in the 
composition inherited from the source area 
and the succession of mineral zones in such 
a basin reflects the formation, uplift and 
erosion of successively more complex rocks 
in the source area. Pronounced relief and 
rapid erosion in the source area with rapid 
burial in the depositional basin do not leave 
time for large scale elimination of unstable 
elements. The upward sequence of mineral 
zones reflects in inverse order the se- 
quence: weathered layer—sedimentary and 
low rank metamorphics—high rank meta- 
morphics and igneous, in the source areas. 
Numerous published studies of the heavy 
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basins in the Tertiary, provided the post- 
orogenetic stage is included. Not many such 
complete series have been investigated. Re- 
cently, however, Sarkissian (1949, 1958) 
has published an extensive study of the 
geosynclinal deposits of Permian and Tri- 
assic age associated with the pre-Urals oro- 
geny in Russia. His study shows that the 
post-orogenetic sediments carry the same 
highly unstable suites characteristic for 
Tertiary sediments of the same facies and 
thus form a strong argument in favor of the 
hypothesis developed here. His results have 
been summarized in table 1. 

Several interesting examples of the use of 
heavy minerals for the interpretation of the 


TABLE 1.—Heavy mineral zones in the pre-Urals foredeep (after Sarkissian) 
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minerals of igneous and metamorphic rocks 
and, in particular, recent analyses by 
Fuechtbauer (oral communication) of the 
heavy mineral composition of conglomer- 
ates in the alpine foredeep in Bavaria dem- 
onstrate that the well known sequence of 
mineral zones can be explained completely 
in terms of the rocks available for erosion 
in the source area. 

Consequently, the author is inclined to 
assign a minor role to intrastratal solution 
as a factor in the alteration of mineral as- 
semblages. Heavy mineral assemblages can 
be altered profoundly if severe conditions 
and enough time are available, but this al- 
teration appears to be a surface rather than 
a subsurface effect. 

If this assumption is correct, then pre- 
Cretaceous series of geosynclinal sediments 
should possess the same sequence of stable 


and unstable associations found in many 


geological and paleogeographical history of 
a basin have been published recently. The 
key to this type of study is a regional con- 
cept of heavy mineral distribution. In 1933 
Edelman (quoted from Doeglas 1940) has 
defined the sedimentary petrological province 
as follows: “A sedimentary petrological 
province is a complex of sediments which 
by their geographical distribution, age and 
origin form a natural unit.”” The concept 
was originally derived from Baturin’s work 
in the Caucasus. The application of this con- 
cept requires a regional and stratigraphic 
study of samples and puts much weight on 
a careful analysis of the interfingering and 
mixing of adjacent provinces and the fea- 
tures of provincial succession with time. 
Good examples of this method have been 
presented by Doeglas (1940) and by Cogen 
(1940). Much importance is attached to the 
regional approach and to the study of large 
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numbers of samples with a wide coverage 
both in time and space. 

This regional province concept has proved 
to be extremely fruitful in a large number of 
heavy mineral studies both of recent and 
ancient sediments of entire basins. It has, 
however, found little attention in the United 
States, where limited studies of a few sam- 
ples in a localized area predominate in the 
literature. 

An excellent example of the value of 
regional heavy mineral analysis for the 
paleogeography and geological history of a 
basin has recently been provided by Fuecht- 
bauer (1953, 1958) in a study of the sources 
and distribution of sediments in the Oligo- 
cene-Miocene Molasse foredeep of the Alps 
in Bavaria. The deposits in this basin were 
largely derived from the mountain front in 
the south which, in the period investigated, 
had just passed through a major stage of 
deformation and uplift. The Middle Oligo- 
cene sediments of the basin all carry garnet 
assemblages derived from the south. By 
means of accessory minerals in the assem- 
blages the various points can be identified 
from which the streams of sediment issued. 
Sediment distribution patterns are predomi- 
nantly radial in great fans. In the Upper 
Oligocene the individual character of the 
various sources becomes more apparent and 
the distributive province at the far western 
end of the basin develops strongly. From 
this point of entrance a garnet-epidote as- 
sociation gradually spreads throughout the 
basin. The radial distribution pattern is 
replaced by an axial pattern with the de- 
velopment of an easterly regional dip. Grad- 
ually also the composition of the sediment 
changes and the garnet-epidote assemblage 
changes to an epidote assemblage. That this 
is the result of progressive erosion in the 
source area is shown by the analysis of heavy 
minerals in the accompanying conglomer- 
ates. A small contribution from the north- 
east is shown by the presence of a horn- 
blende-containing assemblage in that part 
of the basin. Finally, during the upper Mid- 
dle Miocene the eastward regional dip de- 
creases and the sediment distribution pat- 
tern again becomes radial with fans spread- 
ing from various points along the southern 
margin of the basin. Schematically, the 
heavy mineral distributions and_ their 
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changes with time have been indicated in 
figure 3 adapted from Fuechtbauer (1954). 

Studies like the one just mentioned are 
based on large numbers of samples and a 
carefully established stratigraphic network. 
Given those prerequisites, however, they 
may greatly increase our understanding of 
sedimentation in a basin and consequently 
of its depositional history. It seems to the 
author that many problems in regional 
geology in the United States might well be 
fertile ground for regional heavy mineral 
study, and that the present lack of interest 
in the method, though understandable in 
view of the failure of so much localized 
work, is not justified. In conclusion one such 
problem that is of considerable importance 
and may be solved at least in part by min- 
eralogical analysis may be described briefly. 

This is the problem of the sources and 
history of the sediment supply for the Gulf 
of Mexico. After the early studies by Cogen 
(1940), Bornhauser (1940), and Goldstein 
(1942) no investigations of the sources of 
sediments, both ancient and modern, in this 
area have appeared. Cogen has shown that 
in this basin the same sequence of stable and 
unstable associations is found that has been 
described earlier in this paper. The youngest 
deposits investigated are Pliocene in age and 
contain an epidote assemblage with some 
hornblende. Information for the larger part 
of the Pleistocene is lacking until we come 
to the early Recent and Recent sediments 
which have complex sources. The modern 
Mississippi distributive province has a horn- 
blende-pyroxene association. The source of 
these modern Mississippi sediments seems 
to be largely in the glacial deposits in its 
upper drainage basin. Horberg, in a series of 
studies, has shown that the early Pleistocene 
Upper Mississippi probably did not drain 
towards the Gulf of Mexico at all; and Potter 
(1955) has demonstrated that the Pliocene 
and early Pleistocene terrace deposits in 
Missouri and southern Illinois did not con- 
tain a modern Mississippi assemblage, but 
rather, exclusively locally-derived stable 
minerals. Potter considers that this assem- 
blage is not the result of intensive weather- 
ing of an originally hornblende carrying 
suite. This reveals two interesting prob- 
lems: (1) where did the Pliocene hornblende 
in the Gulf of Mexico come from if there was 
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no hornblende supplied through the Missis- 
sippi valley, and (2) when did the present 
Mississippi assemblage come into being and 
what is the history of its distribution? It 
may be added that the situation is further 
complicated by the fact that in the few sam- 
ples of Pleistocene Mississippi valley de- 
posits that have been investigated, a horn- 
blende assemblage occurs which is quite sim- 
ilar to the present Mississippi association 
but without the pyroxene. 


-Regional distribution of heavy mineral associations in the Molasee foredeep, 
Simplified after Fuechtbauer, 1954, fig. 2 


Thus it seems that a regional study of the 
Pliocene and Pleistocene sediments of the 
Mississippi and Gulf Coast region can be 
expected to throw considerable light upon 
the regional development of sedimentation 
in that area. The present paper must be seen 
as an attempt to encourage sedimentary 
petrologists to undertake this and other 
similar problems. There is no doubt in the 
author’s mind that this would be found re- 
warding. 
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MICROFACIES OF WABASH REEF, WABASH, INDIANA’ 


ALBERT V. CAROZZI anp VALENTINE E. ZADNIK 
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ABSTRACT 
The microscopic statistical investigation of the Wabash reef has revealed five main microfacies rang- 
ing, in decreasing relative depth conditions, from highly dolomitic shales of the country-rock to dolo- 
mitic biocalcarenites and bioconstructed dolomitic limestones or dolomites belonging to the reef 
system. Among the microscopic parameters, the variation of the orientation of siliceous monoaxonic 
sponge spicules in the shales can be used as a criterion for predicting the position of the reef. 


INTRODUCTION 


The particular structure with which this 
investigation deals is designated in the liter- 
ature as the Wabash Dome and has been 
studied in various degrees by several early 
workers of Indiana. Cummings and Shrock 
(1926, 1928) performed the most detailed 
investigation and are credited with present- 
ing sufficient evidence to prove that the 
dome-like structure was a reef composed of 
three distinct zones: the massive core of 
colonial organisms, inclined beds dipping 
radially away from the core and composed 
of organic core-derived fragments, and the 
normal inter-reef stratigraphic sequence con- 
taining a fauna different from that of the 
reef.. The early studies included only macro- 
scopic features, but some microscopic pale- 
ontological work has recently been done by 
Lowenstam (1949, 1950). 


LOCATION 


The area of study is located SE} SE} of 
section 11, R. 6 E., T. 27 N., of the Wabash 
quadrangle, Wabash County, Indiana. The 
reef is situated just north of the Big Four 
railroad station in the city of Wabash. It is 
cut from flank to flank exactly through its 
center by a railroad cut exposing about 800 
feet of reef structure of which 250 feet is 
unstratified core. The cut is up to 55 feet 
deep but neither the top nor the bottom of 
the reef is visible, the top being removed by 
erosion and the bottom being below the level 
of the tracks (fig. 1). 


1 This is the first of a series of contributions 
to the petrography of Silurian and Devonian reefs 
of the northern midwest presently undertaken 
by the senior author and his co-workers. Manu- 
script received December 18, 1958, 


PURPOSE AND METHOD OF STUDY 


The purpose of the present study was to 
determine the reciprocal relations between 
a Silurian reef structure and its surround- 
ing sediment. The investigation included 
an integration of field observations with a 
series of 213 thin sections cut perpendicular 
to the bedding which were collected at one 
foot intervals from ten vertical sections 
located in various parts of the reef and off- 
reef shales (fig. 1). Each thin section, re- 
gardless of its location, was classified in a 
specific microfacies on the basis of organism 
content and microscopic texture. Statistical 
counts were then made of several micro- 
scopic parameters including the clasticity 
and frequency of detrital minerals and 
transported organisms and the degree of 
dolomitization. Variation in these observ- 
able compositional elements _ reflected 
changes in sedimentary conditions during 
reef growth. These variations showed that 
different bathymetric and mechanical condi- 
tions such as depth, turbulence, and agita- 
tion existed in various parts of the reef and 
adjacent country rock during reef develop- 
ment. Outcrop and thin section study reveals 
that these conditions varied both in space, 
displayed by differences in adjacent strati- 
graphically equivalent units, and in time, 
by differences in superposed units in a verti- 
cal section. 


DESCRIPTION OF MICROFACIES 


Five distinct microfacies could be distin- 
guished (fig. 2), each having a particular 
texture and fossil content representing a 
specific combination of sedimentary condi- 
tions. A description of these microfacies fol- 
lows. 
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Fic. 1.—Diagrammatic cross-section of Wabash reef. 


Microfacies 1.—Highly dolomitic shale 
with small scattered rhombohedra of dolo- 
mite. There is a complete absence of trans- 
ported organic fragments, but sponge spic- 
ules are abundant and oriented parallel to 
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large and very numerous; small pyrite grains 
are also very widespread. 

Microfacies 2.—Highly dolomitic shale 
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crystallized organic fragments. Sponge spic- 
ules are still abundant but less oriented with 
respect to the bedding. Quartz grains are 
somewhat smaller and less abundant. 

Microfacies 3.—Fine-grained dolomitic 
biocalcarenite to biocalcarenitic dolomite 
nearly entirely composed of organic frag- 
ments in a cement of small dolomite rhom- 
bohedra and scattered clay minerals. Very 
few, completely unoriented, sponge spicules 
are present. Pyrite is much less abundant. 
Quartz shows a marked decrease in size and 
frequency. 

Microfacies 4.—Coarse-grained dolomitic 
biocalcarenite to biocalcarenitic dolomite 
composed entirely of organic fragments de- 
rived from the core. The cement is a fine- 
grained mosaic of either anhedral crystals 
or rhombohedra of dolomite. There is a com- 
plete absence of spicules. Pyrite is more 
scattered, smaller grained, and anhedral. 
Quartz shows a decrease in size and fre- 
quency. 

Microfacies 5.—Massive and recrystal- 
lized dolomitic bioconstructed limestone to 
bioconstructed dolomite (reef core) com- 
posed of massive Stromatoporoids and other 
colonial organisms. Sponge spicules are also 


absent. Pyrite is in the form of fine grains 
with diminished frequency. Quartz grains 
are small and scarce. 

Microfacies 5A.—Same as microfacies 5 
but with pockets of fine-grained dolomitic 


biocalcarenite. Pyrite is scarce; quartz 
grains vary greatly in frequency and may 
reach sizes similar to those in microfacies 1. 


METHODS OF INVESTIGATION 


Microscopic examination of the thin sec- 
tions included the measurement of the maxi- 
mum apparent diameter (or clasticity index) 
of detrital quartz and transported fossil 
fragments (Carozzi, 1950, 1958). This was 
found by computing the maximum diameter 
of the largest particle in a minimum of 100 
grains, and frequency of detrital quartz, 
pyrite crystals, fossil fragments and mono- 
axonic, siliceous, sponge spicules. The fre- 
quency measurement corresponds to the 
absolute number of grains of a given mineral 
or of fragments of a given transported organ- 
ism occurring over a constant area of the 
slide. For reliable results, the area of meas- 
urement should be chosen so that at. least 
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100 grains can be counted. For the quartz, 
the area corresponded to two randomly 
selected fields of 3 sq. mm, for the organic 
fragments and the pyrite crystals 6 similar 
fields were used, and for the sponge spicules 
three fields were investigated. 

The percentage of dolomite of the total 
carbonate present was calculated by an X- 
ray diffraction method described by Ten- 
nant and Berger (1957). Several staining 
techniques were attempted on both the un- 
covered thin section and polished samples 
to distinguish calcite from dolomite, but 
none yielded results that were satisfactory 
for both the coarsely recrystallized core and 
the fine-grained shales. The diffraction 
method was used by calculating the relative 
intensities of the strongest power diffraction 
peak for calcite and dolomite and comparing 
these ratios to peaks obtained from known 
percentages of these minerals. Eleven mix- 
tures were prepared, one of pure calcite, one 
of pure dolomite, and the remainder at 10 
per cent intervals between the pure end- 
members. The mixtures were X-rayed and, 
from the various intensities of the peaks, a 
reference chart was prepared calibrating the 
calcite/dolomite intensity ratio against 
known percentages of dolomite. This graph 
served as a reference system for the un- 
known field samples. Field samples generally 
contained calcite veins or pockets and to 
obtain a representative sample of each speci- 
men, several chips, randomly selected, were 
ground in a hand mortar. Chips were ground 
for four minutes to insure uniform grain 
size and the powder was placed in labeled, 
sealed bottles to prevent hydration. 

The copper X-ray tube diffractometer 
was permitted to rotate through an angle 
(20) that would include the main calcite and 
dolomite peaks which occur at 29.39° and 
30.96° respectively. 

Minor errors introduced into this calcula- 
tion were due to nonuniformity of the grain 
size of the carbonate powder, breakage of 
the carbonates along preferred directions 
due to cleavage, and packing of the powder 
in the holders that were mounted in the 
diffractometer. Despite limitations, X-ray- 
ing several field samples three times (each) 
showed that percentages were correct to 
about 4 per cent, indicating sufficient reli- 
ability for the purpose of this study. 
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On the diagrams (figs. 3 and 4) arithmetic 
scales were used for clasticity values and 
degrees of dolomitization and logarithmic 
scales for frequency values because of their 
high magnitudes. 


DESCRIPTION OF THE SECTIONS 


Section 1 (fig. 3) is about 70 feet north of 
the reef structure in the Mississinewa Shale. 
Clasticity and frequency of quartz have 
parallel values and are the largest of all the 
investigated sections. Sponge spicules ori- 
ented parallel to the bedding are abundant. 
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Section 6 (fig. 3), located at the north 
margin of the reef core, contains two tongues 
of unstratified core material interbedded in 
the coarse biocalcarenites which represent 
lateral extensions of the colonial organisms 
during short periods of quiescence. Spicules 
are completely absent and the core-derived 
fragments are large and abundant. 

Sections 7, 8, 9, and 10 are located en- 
tirely within the core, with section 10 ap- 
proximately in the center of the core (fig. 4). 
No sponge spicules occur in these sections. 
Pyrite and quartz values decrease progres- 
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Fic. 3.—Variation of microscopic components in sections 1 to 6. 


Reef-derived fossil fragments are entirely 
absent. 

Section 2 (fig. 3) is located directly at the 
north margin of the reef where samples in- 
clude shale as well as dolomitic biocalcare- 
nites. Quartz, pyrite and oriented spicules 
are abundant. Colonial organism fragments 
of small dimensions appear in most of the 
samples. 

Section 3 (fig. 3) in the fine-grained bio- 
calcarenites of low dip shows a slight de- 
crease in quartz and pyrite content with an 
increase in the size and abundance of organic 
fragments. Spicules are less numerous and 
unoriented. 

Sections 4 and 5 (fig. 3) are located in the 
steeply dipping, coarse biocalcarenites. 
Quartz and pyrite show a progressive de- 
crease in abundance. Spicules are nearly 
absent. Organic fragments show a substan- 
tial increase in clasticity and frequency. 


sively toward the center of the core, with 
some variation in the quartz values due to 
its presence in pocket fillings. Values of both 
clasticity and frequency of the organisms 
reach infinity since distinct, individual frag- 
ments are replaced by a rigidly constructed 
framework of organisms. 


BATHYMETRIC INTERPRETATION 
OF MICROFACIES 


Reef studies have shown that specific 
organisms have their maximum develop- 
ment (frequency) at given depths. Likewise, 
the size (clasticity) of transported clastic 
mineral and organic components shows an 
inverse relationship to depth and a direct 
relationship to agitation. Although specific 
identification of organisms was difficult due 
to the high degree of diagenetic dolomitiza- 
tion, these basic facts provided the basis for 
a relative bathymetric classification of the 
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Fic. 4.—Variation of microscopic components in sections 7 to 10. 
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microfacies. This measure was not a quanti- 
tative one determined directly from micro- 
scopic examination but was the result of in- 
tegrating the various quantitative counts 
and correlating this information to the mi- 
crofacies. 

Microfacies 1 represents material that 
accumulated under relatively quiet, still- 
water conditions where depth prohibited 
waves and currents from agitating the bot- 
tom. This is illustrated by the fine-grained 
components of the shale and the abundance 
of sponge spicules oriented parallel to bed- 
ding. The complete absence of reef-derived 
organic fragments indicates that the reef 
structure had little direct effect on the ac- 
cumulating deposits. This microfacies is 
typical of the Mississinewa Shale which is 
the normal inter-reef deposit. 

Microfacies 2 is the first to indicate the 
effects of the reef on normal inter-reef sedi- 
mentation. It is a shale, not distinguishable 
from microfacies 1 without petrographic 
analysis. Sponge spicules with various ori- 
entations are indicative of increased turbu- 
lence and agitation. Presence of reef-derived 
organisms in the form of recrystallized frag- 
ments indicates the proximity of a reef 
structure and the effect of increased trans- 
porting power of the water. The decreased 
abundance of iron sulfide is also indicative 
of more agitated conditions yielding a high 
Eh factor relative to the inter-reef sur- 
roundings. This microfacies is typical di- 
rectly adjacent to the dipping bioclastics 
and to the shale units that extend nearly to 
the core as thin bands. 

Microfacies 3 is the first occurrance of the 
reef proper as it is approached from the 
inter-reef shales. Spicules are scarce. The 
size and frequency of the organic fragments 
are greatly increased indicating a greater 
intensity of agitation and competency. The 
organisms are difficult to identify individ- 
ually due to dolomitization but they are 
clearly fragments of the core which became 
detached by wave action or disintegration 
and behaved as clastic particles transported 
off the core to accumulate as thick beds in- 
clined radially away from it. This micro- 
facies is found chiefly at the extremities of 
the great biocalcarenitic wedges that pene- 
trate into the shales. 

Microfacies 4 is characterized by coarse, 
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recrystallized core fragments. Spicules are 
absent and the clay content is small indicat- 
ing agitation sufficient for removal of the 
fine material. This microfacies is related to 
microfacies 3 and can best be distinguished 
by microscopic examination, although tex- 
tural differences can be seen in the outcrop. 
Both are products of detached core particles 
that accumulated as thick biocalcarenitic 
beds. However, because microfacies 4 is 
located directly adjacent to the core, organic 
clasticity and frequency show a marked in- 
crease over microfacies 3. 

Microfacies 5 occurs within the unstrati- 
fied core. The complete absence of spicules, 
the low quartz and argillaceous contents 
except in the pockets, and the fossil frag- 
ments being replaced by a solidly con- 
structed network of organisms, indicate 
shallow conditions with a high intensity of 
agitation by currents and wave action that 
stimulated reef growth. Microfacies 5A is 
not a separate type but a special variety of 
microfacies 5. It is so designated because 
the thin sections happened to be cut in a 
void or cavity in the massive Stromatopo- 
roid framework which became filled with a 
variety of small organic and inorganic frag- 
ments brought by current action. 

The relative bathymetrical curves, show- 
ing for each investigated section the varia- 
tion of depth in time, have a scale along 
which the microfacies are classified accord- 
ing to decreasing relative depth from left to 
tight. These curves allow a comparison of 
the evolution of local points during the de- 
velopment of the reef structure (fig. 5). 


GENERAL CONCLUSIONS 


The microfacies which have been described 
represent a succession that has a vertical as 
well as a horizontal significance. It is pos- 
sible to represent the changing conditions 
during reef growth by an ideal succession 
corresponding to a shallowing in time and in 
space which illustrates the history at a single 
point where the reef established itself on the 
shales and grew upward into a solid frame- 
work, as well as lateral changes encountered 
when approaching a reef from inter-reef 
deposits. 

With diminished depth and increased 
agitation (microfacies 1 to microfacies 5, or 
laterally from the shales to the reef core) 
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Fic. 5.—Comparison of relative bathymetric curves and microfacies cor- 
relations of investigated sections. 


the following variations are noted (fig. 6). 
1. The index of clasticity of detrital 
quartz diminishes gradually from a maxi- 
mum in the shale to a minimum in the core. 
Strong but local increases may occur at the 
core of the reef due to fillings of pockets. 

2. The frequency of detrital quartz nearly 
parallels clasticity and has a maximum value 
in the shale that diminishes toward the core. 
This parallelism indicates normal supply 
from the inter-reef area. 

3. The frequency of pyrite varies parallel 
with the quartz and diminishes from a maxi- 
mum in the shale to a minimum in the core. 
This parallel variation is expected since the 
same currents which were responsible for the 


quartz grains also transported the iron. 

4, Dolomitization is very high throughout 
the fore-reef strata but has a slight general 
tendency to decrease toward the core, prob- 
ably due to porosity conditions. No relation- 
ship could be found between dolomitization 
and the other quantitative measures. 

5. The index of clasticity of organic frag- 
ments increases from zero in the sha‘es to 
infinity at the constructed core. This curve 
is directly opposed to quartz and pyrite due 
to the fact that the organic fragments origi- 
nated in the reef and were distributed radi- 
ally outward, whereas pyrite and detrital 
quartz were distributed by more general 
currents originating from outside the reef. 
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6. The frequency of organic fragments 
parallels its clasticity, increasing from zero 
in the shale to infinity at the core. As the 
core is approached, particles simultaneously 
become larger and more abundant. 

7. The frequency of the monoaxonic 
sponge spicules shows a variation that is 
parallel to quartz and pyrite. Values are at | 
a maximum in the shale and reach zero at 
the core. The siliceous sponge spicules be- 
long to the normal fauna of the inter-reef 
shales. It is important to note that these 
spicules provide the only clue in the shales 
for the prediction of the reef. Indeed, away | 
from it (microfacies 1) the spicules are ori- : | 

| 




















ented parallel to the bedding. Approaching 
the reef (microfacies 2, 3 and 4) the spicules ees hi ao ; 
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Fic. 6.—Idealized column showing variations of 
mineral and organic elements with microfacies. 
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ABSTRACT 


Black fissile ‘‘shales,”’ 


from some Missourian and Virgilian cyclothems of central Iowa and eastern 


Nebraska, have been analyzed to determine their chemical and physical properties, the stratigraphic, 
petrographic, and paleontologic successions over wide geographic areas, and the environment of de- 


position suggested by these parameters. 


The stratigraphic succession commonly consists of three basic elements: a lower black fissile silt- 
stone; a medial black “‘varved” siltstone; and, an upper gray to gray-green shaly siltstone. 

Organic contents range from 2 to 26 percent. Acid-soluble contents range from 11 to 38 percent. An 
inverse relationship between acid-soluble constituents present, and organic content exists. A direct 
relationship between organic content, fissility, and radioactivity occurs. 

Petrographically, the silts are predominantly quartz, with lesser amounts of illite, kaolinite, ver- 


miculite, pyrite, and carbonates. 


The siltstones have an average mineral composition within the range 


of sub-graywacke to graywacke. Sorting coefficients range from 1.9 to 4.3. No general trend in the de- 


gree of sorting is apparent. 


A definable stratigraphic, petrographic, and paleontologic succession occurs, and can be traced over 


a wide geographic range. 


features, have their closest association with modern tidal flat deposits. 
cumulated in both regressive and transgressive seas. 


black silt intervals. 


‘ 


INTRODUCTION 


Much has been written concerning cyclo- 
them deposits within the Pennsylvanian 


system of the mid-continent region. Most of 
this literature discusses descriptive stratig- 
raphy, paleontologic analysis, mode of 
origin of the cyclothems, and petrography 
of selected members. The petrography of 
the black “shale” members has _ been 
slighted. To the best of our knowledge, 
nothing concerning the petrography of the 
black “‘shale’” members of the Pennsylvan- 
ian of Iowa has been recorded. 

This investigation was pursued with the 
following questions in mind: (1), what are 
the chemical and physical properties of the 
black ‘‘shale’’ members; (2), do definable 
stratigraphic, petrographic, and paleonto- 
logic successions occur within these mem- 
bers, which maintain themselves when 
traced over a wide geographic and strati- 
graphic range; (3), what do these successions 
reveal concerning the environment of depo- 
sition? 

STRATIGRAPHIC SUCCESSION AND 
GEOGRAPHIC AREA OF STUDY 


Specimens for detailed study were col- 
lected from the Oread, Wyandotte, Dennis, 


1 Manuscript received December 2, 1958. 


The stratigraphic and paleontologic characteristics, as well as many other 


The deposits apparently ac- 
The cyclothem boundary occurs within these 


and Swope Formations from central and 
western Iowa, as well as eastern Nebraska. 
Comparison of stratigraphic succession of 
two black ‘shale’? members within the 
Marmaton and Cherokee Groups of Iowa 
have been made. 

Figure 1 illustrates the variation, and 
similarity of stratigraphic succession within 
the members at different stratigraphic levels. 

Three lithologies characterize the section. 
Overlying the dense, dark-gray fusulinid- 
bearing limestone, of the ‘‘Levenworth 
type,” there is approximately one foot of 
hard, black, fissile to blocky siltstone which 
generally is softer near the top than near 
the bottom. Conodonts, fish remains, and 
pectenoids are commonly found in this silt- 
stone. 

Overlying the siltstone, the next unit con- 
sists of about one foot of hard, black, 
banded, varve-like siltstone. The most char- 
acteristic feature of this unit is the inter- 
layering of discontinuous bands of bufl- 
colored silt. Conodonts are most abundant 
just above these buff-colored lenses. The 
fossils generally are found concentrated in 
small areas, and occur on surfaces with 
minute desiccation cracks. 

The upper most unit consists of one to 
three feet of gray to olive-colored silt. The 
silt is noncalcareous and nonfossiliferous at 
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Fic. 1.—Detailed geologic sections. 


the base, but becomes progressively cal- 
careous and fossiliferous, until it is nearly 
coquinoid, near the top. 

The pattern of succession, just outlined, 
is common in the Kansas City Group; 
whereas, the Heebner (Shawnee) displays 
a tendency toward an inversion of the lower 
and middle units. The succession outlined is 
also in the upper Cherokee and lower Mama- 
ton Groups; however, the black silts of the 
lower unit overlie coal. 


PETROGRAPHY 


Organic and Carbonate Content.—The per- 
centages of organic, and acid-soluble con- 
stituents are shown in figure 2. Carbo- 
naceous contents range from 1 to 26 percent 
with the average for total sample being 13 
percent. The carbonaceous content of the 
Hushpuckney and Stark Members decreases 
upward in the section. The Heebner Mem- 
ber, however, becomes more carbonaceous 
upward. The quality of the carbonaceous 
material was not determined. 

Acid-soluble contents range from 11 to 38 
percent. An inverse relationship between 
acid-soluble materials present, and organic 
content is apparent. A direct relationship 
between organic content, fissility , and radio- 
active content exists. 

Particle Size Distribution—The cumula- 
tive curves (fig. 3), and the size fractions 
and sorting coefficients (table 1), show a 
composition of 30 to 40 percent clay, 50 to 


60 percent silt, and the remainder, is fine 
sand. The cumulative curves are relatively 
straight, the upper units of each member 
displaying a tendency to become coarse. 
The coefficients of sorting, according to 
Trask (1932), vary widely from well sorted 
(1.9) to poorly sorted (4.3). No general trend 
in the degree of sorting is apparent. 

Mineralogy.— X-ray diffraction patterns, 
determined for the minus 74 micron fraction 
of each specimen, and optical petrographic 
studies reveal a predominance of quartz, 
with lesser amounts of illite, kaolinite, 
vermiculite, pyrite, carbonates, and feld- 
spar. The general mineralogical composition 
is within the ranges of sub-graywacke to 
graywacke. 

One sample was analyzed to determine 
the distribution of the minerals in different 
particle size fractions. A small portion of the 
material was elutriated and the following 
size fractions isolated: 74-20 microns, 20-12 
microns, 10-5 microns, and minus 5 microns. 
The results of this study are shown graph- 
ically in figure 4. Quartz, in the greatest 
abundance, occurs in the 20-10 micron 
range, to a lesser extent in the 74-20 and 
10-5 micron range, and to an even lesser ex- 
tent in the minus 5 micron range. Muscovite 
is most abundant in the 20-10 micron frac- 
tion, and occurs in lesser amounts in the 
other fractions. Feldspar has its greatest 
concentration in the minus 5 micron frac- 
tion. The concentration of feldspars in the 
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TABLE 1.—Size fractions and sorting or 
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% Sand % coefficient 
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Fic. 2.—Carbonaceous and HCl-soluble contents. 
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Fic. 3.—Particle size distribution curv 


finest fractions leads one to suspect authi- 
genic development of this mineral. No at- 
tempt to resolve this question has been 
made during this study. 

Peaks for the carbonate and the clay 
minerals, other than illite, were not found. 
This probably is due to complete destruc- 
tion of the carbonates, and partial alteration 
of the clay minerals by the nitric-perchloric 
acid treatment utilized to remove organic 
material. 


ENVIRONMENT OF DEPOSITION 


The black siltstones of southwest Iowa 
show some similarities to the deposits found 
in all of the modern environments where 
black muds are being deposited. 

After carefully considering such environ- 
ments as deep land-locked basins, tidal la- 
goons, shallow anaerobic sea shelves, and 
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res at selected stratigraphic intervals. 


tidal flats, it is concluded that the Pennsyl- 
vanian black silts display closest similarities 
to the Wadden Sea tidal flat deposits. 
Comparisons, of the Wadden Sea tidal 
flat deposits and the Pennsylvanian silts, 
show the following major differences and 
similarities. The Wadden Sea deposits are 
more sandy; generally grade from coarse to 
fine, upwards; and, have a low (5%) organic 
content. In textural features, and paleonto- 
logic types, the two deposits are very com- 
parable. The similarity is particularly appar- 
ent in the banded ‘‘varved-like” interval. 
The greatest difficulty in visualizing the 
Pennsylvanian silts as being tidal flat de- 
posits is their thinness, despite their strati- 
graphic uniformity, over such large areal 
extent. This problem is usually circum- 
vented by postulating a transgressive sea. 
Van Straaten (1954 a, b) indicates that the 
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Fic, 4.—X-ray diffraction patterns of Stark Shale. 
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Wadden Sea is transgressive, and that the 
upward particle size decrease is a reflection 
of this transgression. 

It has been pointed out that the Pennsy]l- 
vanian silts coarsen upward in the section. 
By comparison, does this indicate deposition 
of the Pennsylvanian silts in a regressing 
sea? The question necessitates a considera- 
tion of the relationships of the black silt to 
other members of the cyclothem in which it 
occurs, 

The black silt intervals (fig. 1) overlie the 
dark-gray fusulinid-bearing limestone mem- 
ber in one of two ways: the black siltstone 
may rest directly upon the limestone with- 
out physical evidence of an unconformity; 
or it may be separated from the limestone 
by a thin shaly interval in which the brachio- 
pods Marginifera, Derbyia, and others, occur. 

If it be recalled that fusulinids are gener- 
ally accepted as representing deeper, clear 
water deposition, then, the lithologic and 


paleontologic succession, coupled with the 
tendency of the particle size to coarsen up- 
ward, suggests a regressive phase of deposi- 
tion from the underlying limestone through 
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part of the black siltstone unit. 

It is accepted without question that from 
the base of the upper unit upward, to the 
overlying massive limestone, that a trans- 
gression is signified. 

The black silts must represent, therefore, 
both regressive and transgressive phases of 
deposition; and, the cyclothem break must 
occur within some part of either the lower or 
the middle unit. 


CONCLUSIONS 


The authors find that definable strati- 
graphic, petrographic, and_paleontologic 
successions occur within these members, and 
that these successions are maintained over 
wide geographic and stratigraphic range. 

The ‘‘shales” are siltstones, and have an 
average mineral composition within the 
range of graywacke to sub-graywacke. 

The environment of deposition seems to 
be most closely allied to tidal flat deposits, 
the materials having accumulated in both 
regressive and transgressive seas. 

The cyclothem boundary occurs within 
these black silt intervals. 
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ABSTRACT 


A sample 


of Upper Block underclay (middle Pennsylvanian) was taken near Brazil, Indiana, and 
its void ratio was determined in the laboratory. By dispersing, r 


resedimenting, and reconsolidating the 


underclay in the laboratory, it was possible to estimate the stress cycle required to consolidate the 
underclay to its present void ratio. The maximum-stress value determined from the estimated stress 
cycle was translated into a thickness value of overlying, subaqueous sediments. Results of this initial 
study permit the estimate that the underclay was once buried under at least 4500 feet of subaqueous 
sediments, and that at least 3700 feet of Pennsylv anian or post- Pennsy lvanian sediments have been 


eroded in this region of the Illinois Basin. The depth-of-burial estimate is considered to be a minimum 


one because the systematic 


increase in void ratio (bed thickness) toward the surface of the recon- 


structed sediment column has not been taken into account. 


INTRODUCTION 

Reliable estimates of the depths of burial 
of ancient sediments are of value to geolo- 
gists. Almost without exception—whether 
investigating the genesis of coal, the origin 
of sedimentary-rock structures, the paleo- 
geography of a region, et cetera—the geologist 
is at an advantage in his speculations if he 


has some knowledge of the depth to which 


the strata in question were buried. These 
considerations prompted the authors to at- 
tempt to estimate the depth of burial of a 
Pennsylvanian underclay. The investiga- 
tion utilized many of the concepts and tech- 
niques common to the field of modern soil 
mechanics. 

Quantitative work on the estimation of 
depth of ancient sediments is 
sparse. Pioneering work on the quantitative 
relationships between the degree of com- 
paction of sediments and depths of burial 
(1908), Hedberg (1926, 
1927, 1936), and Athy (1930). Athy (1930, 
p. 23) estimated that 1400 to 2500 feet of 
Permian and younger sediments had been 
removed by erosion in a region in north- 


‘Manuscript received September 10, 1958. 
Topic presented for discussion by W. Harrison 
at the Conference on Sedimentary cw k Research 
at Indiana University on March 2, 1957. Pub- 
lished by permission of the State Geologist, Indi- 
ana Department of Conservation, Geological 
Survey. 

2 Department of Soil Mechanics, 
Civil Engineering, Purdue University. 

3 Indiana Geological Survey. 


burial of 


was done by Sorby 


School of 


central Oklahoma and that 4000 to 4500 
feet of overburden had been removed from 
above the lower Pennsylvanian strata near 
Bartlesville, Oklahoma. His estimates were 
based upon about 2200 density and 200 
porosity determinations. Skempton (1944) 
and Jones (1944) added to, and refined, the 
quantitative data on the progressive con- 
solidation of muddy sediments with in- 
creasing depth of burial. Jones (1944, p. 
145) revised Athy’s estimate of the thickness 
of strata removed by erosion by adjusting 
Athy’s value for the density of the clay at 
the top of the original series. Taylor (1950, 
p. 701) made an attempt to develop a rela- 
tionship between sand-grain contacts in 
Mesozoic sandstones and depths of sand- 
stone burial. Neumann and Jacob (1956) 
investigated the soil-mechanical properties of 
European brown coals (Eocene to Miocene) 
and discussed the problems involved in es- 
timating vanished overburden from their 
data (p. 316). 

In 1956 one of the authors (Harrison), 
assisted by Mr. H. Y. Loo, attempted a 
consolidation test (Taylor, 1948, 212) 
of a Pennsylvanian underclay in the soil- 
mechanics laboratory at Northwestern Uni- 
versity. Consolidation test results have been 
used (Harrison, 1958) in estimating the 
maximum stresses exerted on clayey silts by 
Pleistocene ice masses, and it was thought 
that a similar approach could be used to 
estimate the greatest previous stresses that 
ever existed on underclays (where found as 
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clayey silts). The consolidation-test result 
of the underclay could not be interpreted, 
however, as it was impossible to trim the 
test sample properly for the consolidometer 
ring (McRae, 1948, fig. 4). G. A. Leonards 
suggested the laboratory study described 


herein that was used to estimate the depth 
of underclay burial. 


BACKGROUND STATEMENT 


The void ratiot of a sediment is the ratio 


of the volume of voids to the volume of 


solids and as such can be related to the con- 


solidation® of the sediment. The particular 
amount of consolidation of a sediment may 
be the result of stresses set up by one or 
more of the following: the weight of overly- 
ing sediments, drying forces, tectonic com- 
pressive forces, diagenetic changes, and 
possibly other factors. 

The primary assumption in this work may 
be stated as follows: The amount of consolida- 
tion of the underclay studied is solely the result 
of the stress exerted upon the underclay by the 
greatest previous weight (greatest previous 
thickness) of overlying sediments (compen- 
sated for buoyancy) minus the decrease tn 
stress resulting from unloading of the under- 
clay in response to subsequent erosion of over- 
lying sediments. 

The problem, then, is to estimate the max- 
imum stress to which the originally uncon- 
solidated underclay has been subjected. It 
is realized that the present void ratio is not 
the minimum void ratio which the under- 
clay has attained because the underclay has 
been rebounding (or expanding) since com- 
mencement of unloading. 


THE UNDERCLAY STUDIED 


The sample procured for study was ob- 
tained from an exposure of Upper Block 


4 For studies of the consolidation of sediments, 
void ratio is a more convenient quantity than 
porosity ‘‘since the void ratio is a variable given 
in terms of a constant (the volume of solids), 
whereas the porosity is a variable given in terms 
of another ca the total volume”’ (Terzaghi, 
1940, p. 80 

5 Consolidation” corresponds most closely to 

“compaction” in geological nomenclature. ‘‘Con- 
solidation” is ‘“‘the gradual process which in- 
volves, simultaneously, a slow escape of water 
and a gradual compression, and which also in- 
volves a gradual pressure adjustment” (Taylor, 
1948, p. 212). 
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underclay (middle Pennsylvanian) in the 
SW; sec. 35, T. 14.N., R. 7 W., Brazil West, 
Indiana, quadrangle. The sample site was 
in a freshly cut trench where the underclay 
was approximately 5.5 feet thick. The un- 
derclay in the sample zone was typically 
light gray, dull to glossy (on joints), non- 
calcareous, gritty, slightly slickensided, and 
very stiff. A present overburden thickness of 
some 50 feet was calculated as exerting a 
stress of approximately 3.7 kg/cm? on the 
underclay bed. 

A cube of underclay about 1 cubic foot in 
volume was cut from a zone 1 foot to 2 feet 
below the contact of the underclay with the 
overlying coal seam. The zone sampled was 
about 1.5 feet above a zone of concretions, 
and the underclay itself was some 15 feet 
below the local water table. (Strip-pit opera- 
tions required pumping of the area being 
mined.) As soon as the sample was taken it 
was coated with Gulf Petrowax A for trans- 
port to the laboratory. It was assumed that 
the sample had not been subjected to dry- 
ing subsequent to deposition and consolida- 
tion. 

A prism of the underclay measuring 
roughly 6 cm X6 cm X6 cm was cut from an 
unjointed portion of the sample by means of 
a concrete saw. The prism was immediately 
weighed in air, coated with paraffin, and 
weighed again in water. The volume of the 
prism was calculated and the specific gravity 
of the mineral grains was determined by the 
the pycnometer method. The void ratio of 
the underclay was then computed according 
to the relation 

VGyw 
ae am 

where V is the sample volume, G is the spe- 
cific gravity of solids (mineral grains), Yw is 
the unit weight of water, and W, is the dry 
weight of the sample. The void ratio of the 
sample was found to be 0.236. An average 
void ratio of roughly 0.26 was estimated for 
this particular Upper Block underclay. This 
value (0.26) is deemed a conservative one 
and was arrived at by a detailed analysis of 
the laboratory test data, too lengthy to 
present here. 

A size analysis involving sieving and 
pipette procedures and expressing results 
in terms of the Wentworth scale showed the 
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underclay to be composed of 5.2 percent 
sand, 53.7 percent silt, and 41.1 percent clay 
by weight (Murray, 1957, table 3, sample 
7). The pH value for a suspension of the 
underclay is estimated at about 7.8 (table 4, 
sample 7). Clay-mineral determinations of 
the less-than-2-micron oriented fraction 
were made by J. L. Harrison, mineralogist 
of the Indiana Geological Survey. X-ray 
diffraction analysis revealed kaolinite, illite, 
and mixed-layer minerals (respective ratios 
being approximately 3:1:1). No significant 
amounts of montmorillonite or halloysite 
were found; these minerals may give a 
sediment unusual properties (Grim, 1949). 
It is probable that little diagenesis has 
occurred in the Upper Block underclays 
since their deposition (H. H. Murray, 1956, 
oral communication). Shultz (1958, p. 391) 
has pointed out that ‘‘underclay materials 
are essentially as they were [when] trans- 
ported into the basin.”’ 

The following Atterberg limits (Taylor, 
1948, p. 27) were determined for the sample 
studied: liquid limit, 40; plastic limit, 22. 
The fact that the liquid limit did not change 
during the long-time laboratory test indi- 
cates a lack of sample ‘‘weathering”’ during 


the test (Bjerrum and Rosenqvist, 1957, 
p. 2). 


SAMPLE DISPERSAL AND RESEDIMENTATION 


Inasmuch as it was not feasible to esti- 
mate the maximum prestress (preconsolida- 
tion load) of the underclay directly by 
means of a standard laboratory consolida- 
tion test (p. 181), the following general ap- 
proach was taken. The underclay was dis- 
persed, resedimented, and gradually recon- 
solidated. Laboratory resedimentation by 
the techniques used has been found to re- 
produce the natural sediment structure 
closely (Skempton, 1944, p. 134; Raju, 1956, 
p. 17; Bjerrum and Rosenqvist, 1957, p. 12). 

Sample dispersal was carried out by 
means of distilled water and a motor-driven 
mixer (stirred for 30 minutes). A number of 
attempts were made to secure a homogene- 
ous artificial sediment by direct flocculation. 
When flocculation was attempted, however, 
the sand-sized particles would drop rapidly 
out of suspension and form a coarse layer at 
the base of the artificial underclay sample. 
To avoid this sorting effect it was decided 
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to develop the sediment by a slurry tech- 
nique. 

A portion of the underclay was dispersed 
by means of a mortar and rubber-tipped 
pestle until all of it passed a No. 80 U.S. 
Standard sieve. This material then was 
transformed into a slurry using distilled 
water. The desirable slurry consistency had 
to be determined by trial and error, and the 
best slurry was one which formed relatively 
small droplets when poured from an evap- 
orating dish into a column of distilled water 
(fig. 1, lucite tube). The slurry droplets fell 
through approximately 45 cm of water and 
formed a homogeneous slurry on the bottom 
of the tube. The small percentage of ma- 
terial which became dissociated in the falling 
process was flocculated by the addition of 
5 drops of 0.5N HCl to the distilled water 
in the tube. The HCI was added after about 
one-half of the sediment had been estab- 


lished. 
LABORATORY CONSOLIDATION 


The laboratory consolidation techniques 
followed in this study imply one-dimen- 
sional consolidation (which is probably the 
case in deeply buried strata). By closely 
simulating natural consolidation (secondary 
consolidation’ excepted), it is possible to 
investigate the pressure-void ratio rela- 
tionships which are characteristic of the 
underclay studied. Initial laboratory con- 
solidation was carried out in a specially 
designed sedimentation-compression device 
(fig. 1). Standard laboratory consolidation 
techniques were used to achieve pressures 
beyond the capacity of the sedimentation- 
compression device. 

An initial consistency was given the re- 
sedimented underclay sample by allowing 
water to flow through the sediment voids 
and lower porous disk (fig. 1) and out the 
tap at the base of the tube. An hydraulic 
gradient (Taylor, 1948, p. 97) of approxi- 
mately four was employed. One can see in 
the diagram that there is a balanced system 
consisting of a piston on one side and a sus- 
pended oil tank on the other. Weights are 
added on the piston side to balance the 
weight of oil which is placed in the tank. The 


6 Secondary consolidation involves a reduction 
in water content at essentially constant inter- 
granular pressure. 
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Fic. 1.—Schematic diagram of apparatus used for initial laboratory consolidation. 


piston then is applied to the sample surface 
in the tube, and oil is siphoned from the sus- 
pended tank by use of a capillary siphon. 
The unbalance thus placed into the system 
represents the load placed on the sediment; 
this load is equal to approximately 0.02 
kg/cm?/day. Under this slowly increasing 
pressure the sample consolidates and re- 
duces in volume along a so-called ‘“‘sedi- 
mentation-compression’”’ curve. The curve 
obtained is characteristic of the sediment 
studied (dependent upon its grain-size dis- 
tribution, grain mineralogy, grain shapes, 
et cetera). The volume-change data for the 
curve are obtained from the dial and scale 
shown in figure 1. The oil siphoned from the 
loading tank is directed into a calibrated 
second tank so that weights of oil can be de- 
termined directly. 

In nature, the slow process of sedimentary 
loading may be interrupted by unloading 
caused by erosion. This unloading causes 
sample rebound. Rebound was simulated in 
the laboratory by raising the calibrated tank 
above the level of the loading tank and al- 
lowing oil to siphon back into the loading 
tank to reduce the unbalance existing in the 


system. Siphoning in the rebound case was 
again at such a rate as to decrease pressure 
on the sample by approximately 0.02 kg/ 
cm?/day. The results of the simulated nat- 
ural loading and rebound are presented in 
table 1 and also on the plot of figure 2. 

At the completion of rebound, the sample 
was placed in the standard laboratory con- 
solidometer, and a typical consolidation test 
was performed (Lambe, 1951, p. 74). Two 
cycles of loading and rebound were per- 
formed before the capacity of the apparatus 
was reached. These results can also be found 
in table 1 and figure 2. 


RESULTS OF LABORATORY CONSOLIDATION 


The curves presented in figure 2 represent 
the significant and composite volume- 
change vs. applied-pressure data for the 
sample. The value of the compression index, 
C, (slope of the void-ratio vs. log-pressure 
curve), for each curve follows: 

1) Sedimentation-compression (end of 
cycle) 

2) First standard-test loading cycle 

3) Second standard-test reloading cycle 


0.32 
0.29 
0.25 


The data show that all three curves ap- 
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TABLE 1. Bilson cl data 





Pressure 


Date (kg/cm?) 





Void ratio 


Remarks 





Nov. 17, 1957 
Nov. 18 
Nov. = 
Nov. 22 
Nov. 24 
Nov. 26 
Nov. 29 
Dec. 1 
Dec. 3 
Dec. 7 
Dec. 12 
Dec. 16 
Dec. 19 


045 
.051 
.064 
.076 
.089 
.103 
172 
.226 
276 
346 
268 
172 
080 





Dec. 19 
Dec. 20 
Dec. 21 
Dec. 22 
Dec. 23 
Dec. 24 
Dec. 25 
Dec. 26 
Dec. 27 
Dec. 28 
Dec. 29 
Dec. 30 
Dec. 31 
Jan. 1, 1958 
Jan. 
Jan. : | 
Jan. yee 
Jan. 5. 
jan. 10. 
Jan. 20.22 
Jan. 10. 
Jan. 5S. 
Jan. 10 | 2 
Jan. 11 1 
Jan. 12 0. 
Jan. 13 BS 
0 
( 


079 
.158 
316 





eUnNnreoooceo cococoocoooooooo 


—_ 


Jan. 14 
Jan. 15 


RROD RR ee ee ee 
t 


cocoocooocoocoooooooocecececececse 


631 


Stopped load; started rebound 


Stopped rebound; began standard 
laboratory consolidation test 


Stopped load; began rebound 


Stopped rebound; began reload 


Stopped load; began rebound 





Stopped test 





1 The initial void ratio for the standard consolidation test is less than the final void ratio of the 


“‘sedimentation-compression”’ process. 


This indicates that the disturbance incurred during transfer 


into the consolidometer has had a slight effect on sample volume. 


proach each other and tend to form one 
curve which is very probably curvilinear. 
This forms the basis for the technique used 
in predicting the maximum natural con- 
solidation pressure. By knowing the void- 
ratio vs. log-pressure relationship over a 
range of moderate pressures, it is possible to 
extrapolate the curve to pressures much be- 
yond laboratory capacity. Knowing the 


magnitude of the present overburden pres- 
sure and estimating an in-place rebound 


relationship (that due to erosion), it is possi- 
ble to estimate the maximum consolidation 
pressure. This pressure is then assumed to 
be due solely to the weight of overlying 
sediments. 

Conversion of the weight of overlying 
sediments into thickness of overlying sedi- 
ments can then be made. The thickness 
estimate given in this study does not take 
into account the systematic increase in void 
ratio toward the surface of the sediment 
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NOTE: Only significant data 
are plotted. See table / 
for complete data. 
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Fic. 2.—Void ratio vs. pressure in laboratory consolidation. 


column and, therefore, probably results in 
underestimating the bed thickness. 

The void ratio of the natural underclay 
sample (assumed to be an undisturbed sam- 
ple) was 0.236 (p. 179). The curve of the 
sedimentation test was extended, and an es- 
timated rebound curve was plotted from the 
present overburden pressure of 3.7 kg/cm? 
at a slope parallel to the second rebound 
curve of the standard consolidation test. 
These extrapolated curves meet at a value 
of 190 kg/cm; this value represents the best 
estimate of the preconsolidation pressure’ of 
the underclay. The linear nature of these 
extrapolations is believed realistic by way of 
comparison with similar curves in this 
range of pressure (Skempton, 1953, fig. 11). 


EVALUATION OF TECHNIQUES 


The sedimentation operation is a crude 
laboratory attempt to create a sediment 
which will have a structure similar to a 
natural sediment. Flocculation may be a 


7™The preconsolidation pressure is the maxi- 
mum pressure at which a sediment has been con- 
solidated at any time in its history. 


more realistic technique for marine deposits. 
However, for fresh-water sediments, the de- 
scribed procedure appears reasonable. Be- 
cause the natural sedimentation process is 
only imperfectly understood (Shultz, 1958, 
p. 392), the laboratory sedimentation proc- 
ess cannot be fully evaluated. It is well to 
note in passing, however, that the under- 
clay studied is a very stiff clay and, as 
Skempton (1944, p. 134) pointed out, 
‘““ in some stiff clays the grains have be- 
come so tightly packed that the natural in- 
ter-granular structure does not differ ma- 
terially from that produced by consolidating 
the clay from a slurry.” It is presumed that 
the method of forming the artificial under- 
clay sufficiently simulates the natural proc- 
ess so that extrapolation from laboratory 
data to the natural situation may be made. 

The results of Bjerrum, Rosenqvist, and 
Raju, which were obtained independently, 
indicate that the slow laboratory-loading 
process provides a reliable simulation of 
natural loading during continuous sedi- 
mentation. It must be realized, however, 
that secondary consolidation has in no way 
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been considered and is the factor missing 
from a true simulation of the process in the 
laboratory. 


DEPTH OF BURIAL OF UNDERCLAY 


For depths of burial amounting to about 
5000 feet the effective overburden pressure 
is equal to the weight of the overlying ma- 
terial reduced by hydrostatic uplift (Skemp- 
ton, 1953, p. 52). ‘‘Thus, if é is the average 
void ratio in the sediment in a depth zs below 
the surface the effective overburden pres- 
sure at this depth is 

a (S,—1) 


a i+é 
where S, is the specific gravity of the grains 
and Yw is the density of water. This equation 
holds good, within close limits, to a depth of 
the order of 3000 feet or 5000 feet’’ (Skemp- 
ton, 1953, p. 53). 

For substitution in the above equation a 
density value for water of 1.01 g/cm* seems 
reasonable. The assumed average void ratio 
(é) of the underclay has already been es- 
timated as approximately 0.26, and the ef- 
fective overburden pressure (p) as 190 


Yus 


kg/cm?*.§ After examination of the Pennsyl- 


8 The following observation seems significant. 
A point determined by the effective-overburden- 
pressure value (190 kg/cm?) and the average 
void-ratio value (0.26) for this underclay falls on 
the curvilinear ‘‘void-ratio vs. effective-over- 
burden-pressure”’ plot for a sample of a clayey 
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vanian column in Indiana and estimation of 
the relative percentages of sand, silt, and 
clay grains, a value of 2.72 was estimated for 
Sg. Substituting into the above equation 
and solving for z result in a figure of 1365 
meters, or approximately 4500 feet, for the 
thickness of pre-existing sediments. It is 
emphasized again that this depth-of-burial 
figure may be somewhat less than the maxi- 
mum thickness of sediments which may 
have overlain the underclay (p. 182). 

An estimated 800 feet of existing Penn- 
sylvanian sediments occur above this under- 
clay in the Illinois Basin. After this figure 
is subtracted from the previously estimated 
4500 feet, it appears that a minimum of 
3700 feet of Pennsylvanian or post-Penn- 
sylvanian strata have been eroded in this 
region. 
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silt from Detroit with a similar liquid limit which 
was subjected to very high laboratory pressures 
(Skempton, 1953, fig. 11). This is a measure of 
the reliability of the result obtained here. 


REFERENCES 


Atay, L. F., 1930, Density, porosity, and compaction of sedimentary rocks: Amer. Assoc. Petroleum 


Geologists Bull., v. 14, p. 1-24. 


ByerruM, L., AND RosEenovist, I. T., 1957, Some experiments with artificially sedimented clays: 
Norwegian Geotechnical Institute, pub. no. 25, Oslo, Norway. 
Grim, R. E., 1949, Mineralogical composition in relation to the properties of certain soil: Géotechnique, 


v. 1, p. 139-147. 


—, 1958, Concept of diagenesis in argillaceous sediments: Amer. Assoc. Petroleum Geologists 


Bull., v. 42, p. 246-253. 


HARRISON, W., 1958, Marginal zones of vanished glaciers reconstructed from the preconsolidation- 
pressure values of overridden silts: Jour. Geology, v. 66, p. 72-95. 
HEDBERG, H. D., 1926, The effect of gravitational compaction on the structure of sedimentary rocks: 
Amer. Assoc. Petroleum Geologists Bull., v. 10, p. 1035-1072. 
—, 1927, The effect of gravitational compaction on the structure of sedimentary rocks. A reply to 
a discussion by W. W. Rubey: Amer. Assoc. Petroleum Geologists Bull., v. 11, p. 875-886. 
—, 1936, Gravitational compaction of clays and shales: Amer. Jour. Sci., v. 231, no. 184, p. 241-— 


287 


Jones, O. T., 1944, The compaction of muddy sediments: Geol. Soc. London Quart. Jour., v. 100, p. 


137-160 (including discussion). 


LaMBE, T. W., 1951, Soil testing for engineers. John Wiley & Sons, Inc., New York, 165 p. ' 
McRag, J. L., 1948, Methods and techniques for the preparation of soil test specimens: Proc. Second 
Internat. Conf. Soil Mechanics and Found. Eng., v. 7, p. 44. 





DEPTH-OF-BURIAL ESTIMATES FOR UNDERCLAY 185 


Murray, H. H., 1957, Pennsylvanian underclays—potential bonding clays for use in foundries. 
Indiana Geol. Survey Progress Rept., no. 11, p. 1-27 

NEUMANN, K., AND JAcos, H., 1956, Drucksetzungsversiiche mit Weichbraunkohlen: Zeitschr. fiir 
angewandte Geologie, v. 7, p. 307-322. 

Ragu, A. A., 1956, The preconsolidation pressure in clay soils; Unpublished Master’s Thesis, Purdue 
University, 41 p. 

ScHULTZ, L. G., 1958, Petrology of underclays: Geol. Soc. America Bull., vol. 69, no. 4, p. 363-402. 

SKEMPTON, A. W., 1944, Notes on the compressibility of clays: Geol. Soc. London Quart. Jour., v. 
100, p. 119-135. 

———, 1953, Soil mechanics in relation to geology: Proc. Yorkshire Geol. Soc., v. 29, p. 33-62. 

Situ, C. K., AND REDLINGER, J. F., 1953, Soil properties of Fort Union clay shale: Proc. Third Inter. 
Conf. Soil. Mechanics and Found. Eng., v. 1, p. 62-66. 

Sorby, H. C., 1908, On the application of quantitative methods to the study of the structure and 
history of rocks: Geol. Soc. London Quart. Jour., v. 64, p. 171-232. 

TayLor, D. W., 1948, Fundamentals of soil mechanics. John Wiley & Sons, Inc., New York, 700 p. 

TayLor, J. M., 1950, Pore-space reduction in sandstones: Amer. Assoc. Petroleum Geologists Bull., 
v. 34, no. 4, p. 701-716. 

TERZAGHI, K., 1943, Theoretical soil mechanics, John Wiley & Sons, Inc., New York, 510 p. 

——, 1955, Influence of geological factors on the engineering properties of sediments: Fiftieth 
Anniversary Volume Econ. Geol., pt. I, p. 557-618. 


TERZAGHI, R. D., 1940, Compaction of lime mud as a cause of secondary structure: Jour. Sedimentary 
Petrology, v. 10, p. 78-90. 





JOURNAL OF SEDIMENTARY PETROLOGY, VOL. 29, No. 2, pp. 186-196 
Fics. 1-5, JUNE, 1959 


CHARACTER AND GENESIS OF MASSIVE OPAL IN KIMBALL 
MEMBER, OGALLALA FORMATION, SCOTT COUNTY, 
KANSAS' 


PAUL C. FRANKS anp ADA SWINEFORD 
State Geological Survey, Lawrence, Kansas 
ABSTRACT 
Chemical analyses, weight-loss studies, differential thermal analyses, and X-ray diffraction studies 
show that massive opal in the Kimball Member of the Ogallala Formation, like opal described by 
Flérke, is composed of hydrated low-cristobalite that is disordered by differing amounts of low-tridy- 
mite, which forms an integral part of the opal structure. The development of tridymite structure in 
the opal, as proposed by Flérke, is due to incorporation of cations (e.g., Na*, K*, Ca**, and Al*s among 
others) into the low-cristobalite structure. It :s proposed that the Kimball Member, which is every- 
where rich in feldspar and quartz, was leached during formation of the overlying pisolitic caliche, free- 
ing SiOz and metal cations which were redeposited as opal having a disordered low-cristobalite struc- 
ture. Difference in hardness of opal samples is seemingly inversely related to difference in water con- 


tent; the more hydrated samples have lesser hardness. 


INTRODUCTION 


Hard, massive opal has been known in the 
Kimball Member of the Ogallala Forma- 
tion of western Kansas for many years 
(Frye and Swineford, 1946). In the summer 
of 1956, the writers’ attention was called to 
what was thought to be a unique occurrence 
of soft opal in the Ogallala Formation in 
Scott County, Kansas. More recent exam- 
ination of opaline outcrops of the Kimball 
Member of the Ogallala Formation indicates 
more widespread occurrence of soft opal 
than was previously recognized. Studies 
were undertaken to determine the minera- 
logic composition of Kimball opal, differ- 
ences other than hardness between hard and 
soft opal, and the geologic significance of 
soft opal in the Ogallala Formation. 


OCCURRENCE AND DISTRIBUTION 


The soft opal outcrop is located on the 
Roy Tucker property in the NE} NW3 sec. 
5, T. 16S., R. 34 W., Scott County, Kansas. 
The opal was collected during brief visits to 
the locality on August 24, 1956, and on 
September 7, 1957. 

Stratigraphically, the opal occurs as ir- 
regular masses in a ‘‘mortar bed”’ (silt and 
sand grains partly indurated by fine-grained 
calcium carbonate) in the Kimball Member 
of the Ogallala Formation near the northern 


' Publication authorized by the Director, 
State Geological Survey of Kansas. Manuscript 
received October 6, 1958. 


limit of Ogallala outcrops on the south side 
of Smoky Hill River valley. Rock of this 
lithology commonly occurs in the Kimball 
Member 10 or 15 feet below the strati- 
graphic top of the Ogallala Formation, 
which is marked by a caliche or pisolitic 
limestone (Frye, Leonard, and Swineford, 
1956, p. 20). 

The bed containing the soft opal is 2.5 to 
3.0 feet thick, approximately 25 feet below 
the land surface of the hill tops, and 19 feet 
below the top of the Ogallala Formation, 
which is overlain by loess (fig. 1). The mas- 
sive silicified part ranges from 1.0 to 1.5 feet 
in thickness and is closely jointed. The soft 
opal is restricted to the central portions of 
opaline joint blocks. The most massive 
opal seems to be restricted to those areas 
where the containing ‘‘mortar bed”’ is thin- 
nest. Numerous relict grains of quartz and 
feldspar are disseminated in the opal, which 
seemingly has developed at the expense of 
the ‘“‘mortar bed” host rock. 

Reconnaissance of additional opaline 
outcrops has shown that soft opal is actually 
widespread and that it occurs in essentially 
the same geologic setting throughout most 
of the massive opal exposures. 


METHOD OF WORK 


The opal was wrapped in water-soaked 
cotton and placed in an air-tight container 
as soon as it was collected. In the labora- 
tory, the soft opal was separated from the 
surrounding hard opal by hand _ picking. 
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Fic. 1.—Pictorial measured section of Ogallala 
outcrop in NE} NW3 sec. 5, T. 16 S., R. 34 W., 
Scott County, Kansas. 


Some was immediately placed in water and 
some was allowed to dry at room tempera- 
ture. 

Studies of optical and physical properties 
were made on composite samples of the hard 
opal, of the newly collected soft opal, and 
of soft opal that had been dried in air. 
Chemical and_ spectrographic analyses, 
weight-loss studies, and differential thermal 
analyses were made on hard and soft opal. 
X-ray diffractograms were made of both the 
hard and soft opal soon after collection. 
Additional diffraction patterns were made 
after the soft opal had been allowed to dry 
in air for 5 months and after both hard and 
soft opal samples had been heated. 

In preparation for the various studies 
outlined above, impurities (scattered de- 
trital grains of quartz and feldspar) were re- 
moved from the opal by hand picking, so 
that the samples were as nearly homogene- 
ous as possible. 


PHYSICAL AND OPTICAL PROPERTIES 


Color of the opal ranges from light 
brownish gray (Munsell 10 YR 6.5/2 and 
2.5 Y 6/2) to light gray (N 8.0/2), but the 
opal locally includes black dendrites. Luster 
is vitreous to waxy. The opal has conchoidal 
fracture and generally is massive or struc- 
tureless. The light-brownish-gray parts, 
however, are locally granular. Hardness 
ranges from 4.5 to 6.0, the softer material 
commonly being restricted to the central 
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vitreous or waxy parts of opaline joint 
blocks. Hardness of the opal cited by Dana- 
Ford (1932, p. 475) ranges from 5.5 to 6.5; 
that cited by Hurlbut (1952, p. 326) ranges 
from 5 to 6. Both the hard and the soft 
opal are extremely brittle. On the surfaces 
of fresh fractures the hard opal was dry, 
whereas the soft opal seemed to be moist. 

Microscopically, fragments of the opal 
commonly have a stippled appearance in 
transmitted light; but some of the opal ap- 
pears colloform and has no stippling. In- 
dices of refraction range from 1.440 to 1.450 
in soft material that had not been allowed 
to dry. The predominant index value of the 
soft opal approximated 1.446. Indices of 
both the air-dried soft opal and the hard 
opal that surrounds the soft opal range from 
1.434 to 1.450 but do not commonly exceed 
1.440. Indices of refraction for opal cited by 
Rogers and Kerr (1942, p. 189) range from 
1.40 to 1.46. 

Between crossed nicols, the soft opal is 
almost completely isotropic; but the hard 
opal contains abundant, diversely oriented 
stringers of weakly birefringent material 
penetrating the isotropic opal. Both types 
of opal contain sparse minute inclusions of a 
strongly birefringent mineral that probably 
is calcite. 


CHEMICAL AND SPECTROGRAPHIC ANALYSES 


Tables 1, 2, and 3 show the results of 
chemical and spectrographic analyses of 
composite samples of the hard and the soft 
opal. To nullify the presence of contained 
water, the chemical analyses have been re- 
calculated so that the weight percents given 
are those after ignition at 1000°C. Heating 
the opal samples to 1505°C did not change 
the chemical analyses significantly except to 
eliminate sulfur trioxide. 

The analyses indicate that the hard opal 
contains greater amounts of metal cations 
than does the soft opal. Table 2, in which 
the relative numbers of atoms are given, 
demonstrates further that the hard opal 
contains many more cations than does the 
soft opal. 


WEIGHT-LOSS STUDIES 


Loss of weight of samples of both hard 
and soft opal was determined after drying 
at room temperature and after heating at 
various temperatures in order to obtain a 
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TABLE 1.—Chemical analyses' of two com- 
posite samples of hard and soft opal from 
the Roy Tucker property, sec. 5, T. 16 

S., R. 34 W., Scott County, Kansas 
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TABLE 3.—Spectrographic analyses of samples of 
hard and soft opal from the Roy Tucker 
property, sec. 5, T. 16 S., R. 34 W., 

Scott County Kansas 








Hard Soft 
Opai Opal 
0 % 


98.27 99.10 





Silicon Dioxide (SiOz) 
Alumina (Al,.O3) (and MnO» 
and Ga.O; if present) 
Iron Oxide (Fes0;) 
Titanium Oxide (TiO) 
Calcium Oxide (CaO) 
Magnesium Oxide (MgO) 
Potassium Oxide (K2O) 0.12 
Sodium Oxide (Na2O) 0.06 
Sulfur Trioxide (SO;) TR 


100.01 


0.65 
0.10 
0.00 
0.13 
0.68 


0.19 
0.06 
0.06 
0.10 
0.64 
0.06 


‘The analyses have been recalculated to 
weight percents after ignition at 1000°C to nullify 
the presence of water. TR equals trace. 


measure of water content. The soft opal was 
ground while wet, dehydrated in a desicca- 
tor until surface water was evaporated, and 
then was allowed to dry in air along with 
dry-ground hard opal for a period of 53 days 
until the weights of both samples fluctuated 
daily, seemingly in response to variations in 
humidity. The total changes in weight on 
drying at room temperature are shown 
graphically in figure 2. 

After the approximate equilibrium weight 
at room temperature was reached, the sam- 
ples were heated in an electric furnace as 
follows: 105°C for 8 hours, 300°C for 1 hour, 
and 900°C for 1 hour. Changes in weight of 
the opal samples on heating are shown in 
figure 2 and in table 4. 


TABLE 2.—Relative numbers of atoms (cations and 
oxygen) in hard and soft opal calculated to 
cristobalite unit cell containing 16 
oxygen atoms 


Soft Opal 


Hard Opal 


Silicon 
Aluminum 
Iron 
Titanium 
Calcium 
Magnesium 
Potassium 
Sodium 
Oxygen 


7.895 
0.060 
0) .006 
0.000 
0.011 
0.082 
0.013 
0.008 
16.000 


7.935 
0.018 
0.003 
0.004 
0.008 
0.077 
0.006 
0.002 
16.000 


Wave Hard 
Length Opal 


2497. 0.0x 
2852 .3 x 
2881. 

3185 .; 
3349. 

3361. 

Saiz. 

3911. 

3933. 
3961.8 
4030. 

3020. 


Element Soft Opal 





Boron 
Magnesium 
Silicon 
Vanadium 
Titanium 
Titanium 
Titanium 
Scandium 
Calcium 
Aluminum 
Manganese 
Iron 


0.0x 
0.x 





0.0x stands for less than 0.1 percent; 0.x, 
0.1 to 1 percent; x, 1 to 10 percent; and xx, 10 
percent or more. Graphite electrodes and lithium 
buffer were used. Scandium reported may be 
from electrode contamination. 


At room temperature, as shown in figure 
2, after the surface water evaporated the 
soft opal lost weight more slowly at first 
than did the hard opal; but as drying pro- 
gressed, the weight lost by the soft opal 
slowly increased and nearly equaled that 
lost by the hard when approximate equilib- 
rium was reached. Toward the end of the 
drying cycle the soft opal gained and lost 
weight seemingly in response to fluctuations 
in humidity, as the hard opal had done 
within two weeks of the start of drying. 

On heating, further loss of weight was 
shown by both the hard and the soft opal 


TABLE 4.—Cumulative weight percentages lost 
on heating two composite samples of hard 
and one composite sample of soft opal 


Total Weight-Percent 


= Lost 
Temperature 


Hard 





Hard Soft 





Room temperature 2.027 2.163 
(approximate equili- 
brium) 

105°C for 8 hours 

300°C for 1 hour 

900°C for 1 hour 


1.938 


3.628 


5.284 
6.467 


3.574 


5.144 
6.577 


3.155 
5.273 
8.464 
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on successive days of drying at room temperature and on heating at 105°C for 8 hours, at 300°C for 1 
hour, and 900°C for 1 hour. 


(fig. 2 and table 4). On heating for 1 hour at 
300°C both hard and soft opal samples 
showed essentially the same weight loss. 
Further heating to 900°C brought the total 
weight lost by the soft opal to about 8.5 
percent, whereas the hard opal lost only 
about 6.5 percent. 


DIFFERENTIAL THERMAL ANALYSES 


Differential thermal analysis curves for 
samples of hard and soft opal are shown in 
figure 3. The two curves have many simi- 
larities; nonetheless, distinct differences are 
to be observed. The sharp endothermic peak 
at or about 95°C on both curves is attrib- 
uted to loss of water used in packing the 
samples. The next endothermic reaction at 
170°C in the hard opal and 200°C in the 
soft opal is similar to that obtained by 
Flérke (1955b) from what he regarded as 
disordered low-cristobalite. 

Additional endothermic reactions at es- 


-100 ) 


sentially the same temperatures for both 
hard and soft opal can be observed on the 
differential thermal analysis curves. The 
endothermic reaction superimposed on the 
exothermic swing at or about 930°C in the 
curve for hard opal is not present in the 
curve for soft opal although the exothermic 
swing 1S present. 

The differences in amplitude of the two 
curves may reflect both differences in the 
rate of loss of water at elevated tempera- 
tures and differences in heat conductivity 
due to differences in the amount of con- 
tained cations. The differential thermal 
curve of the soft opal is displaced more in 
the endothermic direction than is the curve 
of the hard opal. If, as the weight-loss 
studies indicate, the soft opal loses water at 
a greater rate than the hard opal on heating, 
the soft opal curve should be displaced in 
the endothermic direction. And, if the 
greater amount of cations in hard opal in- 
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creases its thermal conductivity, its curve 
should be displaced in the exothermic direc- 
tion. 


X-RAY DIFFRACTION DATA 


Diffractograms of opal samples were 
made with a General Electric XRD-3 dif- 
fractometer using Cu Ka radiation. The 
scanning rate was 0.2° 26 per minute. Sam- 
ples were crushed in a mortar to pass a 74- 
micron sieve and packed in plastic sample 
holders. To inhibit drying, one sample of 
soft opal was ground in water and wet- 
sieved through a 125-micron screen. 

The diffractogram of the wet-ground 
sample of soft opal was started at 19° 20 


~Differential thermal analysis curves of samples of hard and soft opal. 


so that the critical peaks between 20 and 
36° 20 could be recorded before the sample 
had opportunity to dry. All other patterns 
were started at 5° 26. For comparative 
purposes, diffractograms were made for the 
soft opal and the hard opal surrounding the 
soft core as well as for other opaline samples 
from various parts of the Ogallala Forma- 
tion. The d-values of x-ray reflections for 
the various opal samples are shown in table 
5. X-ray studies of both hard and soft opal 
were made on samples that were heated to 
105°, 300°, 900°, and 1500°C in an un- 
covered crucible and of a sample of soft opal 
that was allowed to dry in air for 5 months. 
Diffractograms of these samples are repro- 
duced in figures 4 and 5. 
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Fic. 4.—Diffractograms of hard opal sample: A) unheated, B) dried at 105°C for 8 hours, C) heated 
to 300°C, D) heated at 900°C for 1 hour, E) heated at 1505 +5°C for 5 hours. 


The diffractograms obtained from the un- 
heated samples of hard and soft opal gen- 
erally are similar (figs. 4 and 5). Both have 
broad peaks extending from about 4.8 to 
3.7A (18.4-24.0° 20). Apparent in the broad 
peaks are reflections at 4.31 and 4.11A 
(20.6 and 21.6° 26); also present in the 
broad peak in the hard opal trace is a re- 
flection at 4.27A (20.8° 20). Both patterns 
show peaks at 3.35 and 2.51A (26.6 and 


35.7° 26); the 2.51A peak in the hard opal 
trace has a shoulder at 2.47A (36.3° 26). 
The hard opal pattern also has a broad, in- 
distinct reflection between 10 and 18A that 
appears as a broad swell. 

The reflections at 4.27 and 3.35A are at- 
tributed to quartz. The broad swell, the 
broad peaks, and the lesser peaks are char- 
acteristic of patterns of other opal samples 
studied (table 1) and patterns shown by 
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-Diffractograms of soft opal sample: A) unheated, B) air-dried for 5 months, C) dried at 


105°C for 8 hours, D) heated to 300°C ,E) heated at 900°C for 1 hour, and F) heated at 1505 +5°C for 


5 hours. 


Sudo (1955, fig. 1) and by Flérke (1955b, 
fig. 17). 

The diffractogram of the sample of soft 
opal that was dried in air for 5 months 
shows general similarity to the pattern ob- 
tained from the untreated sample, but does 
show intensification of the broad peak be- 


tween 4.8 and 3.7A. In addition, a small 
shoulder developed at 2.47A on the 2.51A 
peak. 

Drying the samples at 105°C for 8 hours 
produced no major changes in the opal that 
could be detected in the diffraction patterns. 
Heating the samples to 300°C and cooling 
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them rapidly in air produced no major 
changes except for slight intensification of 
the peak between 4.8 and 3.7A and better 
definition of the weak reflections at 4.31 
and 4.11A. The trace of the sample of hard 
opal heated to 300°C also shows better def- 
inition of the shoulder at 2.47A; a small peak 
appeared in the soft opal trace at 2.46A. 

Diffractograms prepared after heating 
the samples to 900°C for 1 hour and cooling 
them rapidly in air show all reflections 
markedly intensified except for the shoulder 
reflections at 2.47A and the quartz reflec- 
tions at 3.35A. The quartz reflections at 
4.27A can not be distinguished. The hard 
opal heated to 900°C also gave a reflection at 
2.86A. 

The hard and soft opal samples were 
heated further to 1505+5°C; heating re- 
quired 38 hours; the samples were main- 
tained at this temperature for 5 hours; cool- 
ing required 72 hours. The X-ray patterns 
obtained are those for well-ordered low- 
cristobalite and alpha-tridymite. The low- 
cristobalite reflections are very much 
stronger than the tridymite reflections and 
are at 4.48A (19.8° 20) (101 beta), 4.06A 
(21.9° 26) (101), 3.14A (28.4° 26) (111), 
2.85A (31.4° 26) (102), and 2.49A (36.0° 26) 
(200). Weak but distinct alpha-tridymite re- 
flections are apparent at 4.31, 3.53, 3.22, and 
2.98A (20.6, 25.2, 27.7, and 30.0° 26) in the 
diffractogram of the hard opal sample. All 
these reflections except the 2.98A tridymite 
reflection are present, but weaker, in the 
soft opal diffractogram. The weakness of 
the tridymite reflections indicates that the 
samples were converted mainly to cristo- 
balite. The hard opal yielded more tridymite 
on intense heating than did the soft opal. 


DISCUSSION 


The literature contains numerous refer- 
ences identifying the components of opal as 
being high- or low-cristobalite, or both, as 
as having X-ray reflections at or near 4.1 
and 4.3A (e.g., Levin and Ott, 1933; Neu- 
wirth, 1940; Fenoglio and Sanero, 1943; 
Raman and Jayaraman, 1953a; Sudo, 1950, 
1956). Raman and Jayaraman (1953b) 
modified their earlier 1953 conclusion later 
in the same year and concluded that the 
opal they examined contained high-cristo- 
balite and tridymite. 
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Recent work by Flérke (1955 a, 1955 b) 


indicates that some opal is a disordered form 
of low-cristobalite whose structure yields an 
X-ray reflection at 4.1A, about the same 
position as high-cristobalite. He concludes 
that the disorder is accomplished by periodic 
interstratification of SiO», tetrahedral layers 
having a tridymite structure that produce 
reflections at or about 4.3A. The present 
writers noted that the 4.3A reflection may be 
masked by quartz reflections at 4.27A and 
can be overlooked easily in samples contain- 
ing abundant quartz as in sample 7, table 5. 

Buerger (1954) concludes that tridymite 
is not pure SiOs, but that it may have a 
chemical composition approximating 
NaCaAls;SiisOz. (Buerger and Lukesh, 1942). 
According to Flérke, foreign cations (e.g., 
Nat, Cat?, and Alt’) distort the cristobalite 
lattice and force local development of tri- 
dymite structure. The limited, stuffed struc- 
ture of tridymite postulated by Buerger is 
thought by Flérke to cause disordering of 
the cristobalite lattice, and the tridymite 
reflections at 4.3A are thought to be ob- 
tained from a substance that is an integral 
part of the opal structure and not a separate 
crystalline phase. Flérke, therefore, con- 
cludes that the classic concepts of the SiOz 
system as presented by Fenner (1913) no 
longer are valid. A review of Flérke’s 1955b 
paper is available in English (Eitel, 1957). 

All opal samples studied in conjunction 
with this report (with the one exception of 
the diatomaceous marl) have X-ray char- 
acteristics similar to those attributed by 
Flérke to low-cristobalite disordered by 
tridymite layers (table 5). The diffracto- 
grams of the samples of hard and soft opal 
that were heated to 1505°C and the chemical 
data lend further support to his concept, inas- 
much as the samples recrystallized into well- 
ordered and distinct low-cristobalite and 
low-tridymite phases. The chemical data 
demonstrate that the opal is not pure SiO2; 
but that it contains foreign cations includ- 
ing, among others, sodium, potassium, cal- 
cium, and aluminum. Therefore, in accord- 
ance with Flérke’s work, the reflections ob- 
tained from the unheated opal at 4.31 and 
2.47A are attributed to interlayered low- 
tridymite, and the stronger reflections at 
4.11 and 2.51A are attributed to disordered 
low-cristobalite. 
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TABLE 5.—Angstrom values of reflections from various opal samples from the Ogallala Formation 
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b, broad band; w, weak; m, moderate; s, strong reflections. O, opal; C, calcite; F, feldspar; Q, 
quartz, Column 1, soft opal from Kimball Member, Ogallala Formation, sec. 5, T. 16 S., R. 34 W., 
Scott Co., Kansas; column 2, same sample heated to 105°C for eight hours; column 3, hard opal shell 
surrounding soft opal from Kimball Member, Ogallala Formation, sec. 5, T. 16 S., R. 34 W., Scott Co., 
Kansas; column 4, opaline “‘chert’”’ from Kimball Member, Ogallala Formation, St. Jacobs well, sec. 
24, T. 32 S., R. 25 W., Clark Co., Kansas; column 5, opaline ‘‘chert,’”” Kimball Member, Ogallala 
Formation, sec. 16, T. 4, S., R. 36 W., Rawlins Co., Kansas; column 6, diatomaceous marl, Ash Hollow 
Member, Ogallala Formation, sec. 11, T. 11 S., R. 38 W., Wallace Co., Kansas; column 7, opal-ce- 
mented sandstone, Valentine Member, Ogallala Formation, sec. 21, T. 3 S., R. 12 W., Smith Co., 
Kansas; column 8, opal-cemented siltstone, Valentine Member, Ogallala Formation, sec. 24, T. 5 


S., R. 19 W., Phillips Co., Kansas. 


Differential thermal and chemical analy- 
ses of the hard and soft opal also are in 
accord with work by Flérke (1955b). The 
endothermic reactions at 170°C in the hard 
opal and at 200°C in the soft opal are simi- 
lar to reactions obtained by Flérke from 
what he regarded as disordered low-cristo- 
balite. According to Flérke, the endothermic 
reactions represent inversion points or struc- 
tural transformations; therefore, the greater 
the degree of disorder, and likewise the con- 
centration of contained cations, the lower 
the temperature of inversion. The hard opal, 
which contains the greater amounts of Kt, 
Nat, Cat?, Alt’, etc., has its first major 
endothermic reaction, presumably a struc- 
tural transformation, at a lower tempera- 
ture than does the soft opal. 

Therefore, it seems that the hard and soft 
opal studied in conjunction with this report 
conform in structural and chemical proper- 
ties to the interpretations advanced by 
Flérke, and that their differences in hard- 
ness cannot be attributed to differences in 
structure and cation content but that they 
relate to water content. The weight-loss 


studies show that the soft opal contains 
more water than does the hard. The am- 
plitude of the differential thermal analysis 
curve of the soft opal is greater than that of 
the hard opal. This fact supports the con- 
clusion that the soft opal contains more 
water than does the hard opal. 

Iler (1955, p. 233-247) discusses adsorbed 
water on surfaces of so-called amorphous 
silica and points out that some of the water 
is physically adsorbed, whereas the rest 
seems to be bound to the silica surfaces as 
hydroxyl groups (‘‘bound water’). The 
physically adsorbed water is lost on heating 
at 115°C. Water lost above 115°C is bound 
water and comes from dehydration of sur- 
face hydroxyl groups. Figure 2, which shows 
cumulative weight-percent water lost by 
hard and soft opal samples, indicates that 
the soft opal contains more bound water 
than does the hard. 

Although structural disorder due to ca- 
tion content is not as great in the soft opal 
as it is in the hard opal, comparison of the 
diffractograms shows that definition of the 
disordered low-cristobalite peaks at 4.3, 4.1, 
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2.51, and 2.47A is not as good in patterns 
from soft opal as it is in patterns from hard 
opal. Seemingly the degree of crystallization 
is not as high in the soft opal as it is in the 
hard, and the soft opal is more disordered 
than the hard opal owing to the bound 
water content of the former. According to 
Iler (1955, p. 235) the bound water content 
depends in turn on the surface area of the gel. 


ORIGIN OF MASSIVE OPAL 


The presence of opal and related siliceous 
rocks in arid regions and, in general, pene- 
plained regions of sporadic rainfall has been 
long recognized. The siliceous rocks (sil- 
cretes) of South Africa are an example 
(Lamplugh, 1907). Williamson (1957) re- 
cently has described similar silicified rocks 
from the northern part of South Australia. 
In Kansas the abundant opal in the upper 
part of the Kimball Member of the Ogallala 
Formation is believed to have been de- 
posited by downward-percolating vadose 
water during the period of extreme aridity 
that produced the capping caliche (pisolitic 
limestone) at the close of Pliocene time 
(Frye, Leonard, and Swineford, 1956, p. 20, 
63). Frye and Leonard (1957, p. 9) describe 
the erosional-depositional hiatus between 
the Pliocene and Pleistocene as ‘‘the cul- 
mination of the trend toward aridity.’’ On 
the basis of both paleontologic and lithologic 
evidence, they conclude that: 


conditions on this stable surface were at least as 
dry and unfavorable to organic life as are those of 
the present. In fact, it seems likely that the 
generally featureless surface, low regional water 
table and resultant scarcity or lack of permanent 
streams, and the almost universal surficial 
blanket of caliche coming at the end of a long 
period of increasing dryness denote the most ad- 
verse conditions to plant and animal life of any 
time during the Cenozoic. 


It is proposed that leaching of the Kim- 
ball Member (which is everywhere rich in 
feldspar and quartz) freed SiOz, Na, K, Ca, 
Al, etc., which were redeposited as opal hav- 
ing a disordered low-cristobalite structure 
like that described by Flérke (1955a, 1955 
b). Ample opportunity for inclusion of Na, 
K, Ca, and Al in the opal is afforded. Swine- 
ford, Frye, and Leonard (1958) present 
evidence for destruction of both feldspar 
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and quartz by the soil-forming processes 
that produced the overlying pisolitic lime- 
stone, in which quartz and feldspar, both 
sodic and potassic, are extensively replaced 
by calcium carbonate. In addition, deposi- 
tion of the opal in a ‘‘mortar bed”’ host at 
the expense of the host probably liberated 
additional cations that could have been in- 
corporated in the opal. 

The soft opal, which is preserved in the 
centers of joint blocks in the massive opal, 
probably retains greater amounts of water 
than does the surrounding hard opal be- 
cause drying has been inhibited by the sur- 
rounding rock. 


CONCLUSIONS 


Massive opal in the Kimball Member of 
the Ogallala Formation is composed of 
hydrated low-cristobalite that is disordered 
by differing amounts of low-tridymite, 
which forms an integral part of the opal 
structure. The development of tridymite 
structure in the opal is due to incorporation 
of cations (e.g., Nat, Kt, Cat?, and Al* 
among others) in the low-cristobalite struc- 
ture. It is proposed that leaching of the 
Kimball Member, which is everywhere rich 
in feldspar and quartz, during formation of 
the capping caliche (pisolitic limestone), 
freed SiOz, Nat, Kt, Cat?, and Alt’, which 
were redeposited as opal having a disordered 
low-cristobalite structure like that described 
by Flérke (1955 a, 1955 b). Differences in 
hardness of opal samples seemingly are due 
to differences in water content; the more 
hydrated samples have lesser hardness. 
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EFFECT OF SIZE AND GENETIC QUARTZ TYPE ON SPHERICITY 
AND FORM OF BEACH SEDIMENTS, NORTHERN 
NEW JERSEY? 


HARVEY BLATT 
The University of Texas, Austin, Texas 
ABSTRACT 


Sphericity has been determined on quartz grains from beach sediments of northern New Jersey to 
determine its variation with size and genetic quartz type in a beach environment. Within the size 
range studied, —5@ to +44, sphericities increased from a minimum of .59 at —4.5¢ (22 mm) to a 
maximum of 85 at +0.9¢ (0.55 mm), and then decreased again to .76 at +3.4¢ (0.10 mm). 

t appears certain that both size, as such, and genetic quartz type, influence sphericity values; 
but their relative importance is uncertain. The size range in which the control of quartz type on 
sphericity appears best developed and most noticeable is between —1.5¢ and +1.0¢. In coarser grains, 
either sphericity when released from the parent rock, or mode of abrasion, seems to assume greatest 
importance. Coarser sizes consist very largely of vein quartz, which may have an inherently low 
sphericity. In finer sizes, sphericity decreases, apparently independently of quartz type. 

Comparison with river pebbles from both the Aftonian Bridgeton Formation in northern New 
Jersey, and the present Colorado River (Texas) sediments, indicates that the beach pebbles tend to be 
more discoidal, and the fluvial pebbles more rod-like, in sizes coarser than —2.5¢ (about 6 mm). In 
gravel sizes finer than this, grains from the two environments are apparently indistinguishable by 
form. Sand grains of the beach samples studied have a rod-like tendency. 


INTRODUCTION AND PREVIOUS WORK from the above defects is a study by Sneed 
and Folk (1958) dealing with Colorado 
(Texas) pebbles. They used a new 


Many past studies of sphericity in fluvial ive, 
or marine sediments have not given suf- 
ficient emphasis to the following factors: 

(1) Although the various rock types 
supplied by the source area were noted, 
these were not separated in sphericity cal- 
culations. 

(2) Particle size has been imperfectly 
controlled, or only a very smali size range 
has been studied. 

Perhaps the most common and severe fault 
of previous studies has been (1), above. The 
typical study of grain spericities has failed and Folk did find a regular decrease in 
to bring out the fact that various rock types sphericity of progressively larger quartz 
and mineral grains have inherently different pebbles from .75 at —3.5@ to .66 at —6.0¢. 
sphericities. In addition, it apparently has 
been assumed that all rock and mineral 
types will show the same shape responses to 
conditions existing in the transporting 
medium. This has produced two results: 

(1) The effects of different transporting 
media have been concealed. 

(2) Effective comparison with the results 
of other shape studies has been precluded 
because of lithologic variations. 

A sphericity analysis that has been free 


measure, maximum projection sphericity, and 
a triangular plot for analyses of 3-dimen- 
sional form. This new technique was also 
used by Mason (1957), who analyzed sphe- 
ricities of quartz grains on Mustang Island, 
a Texas Gulf Coast barrier bar, in the +2.5¢ 
to +3.25@ size range. Unfortunately, both 
of these studies were restricted to a narrow 
size range. In fact, Mason’s size coverage 
of only 0.75 prevented him from noting any 
change in sphericity values with size. Sneed 


However, neither of these two investigations 
split the quartz into separate groups for 
individual sphericity analyses of each 
quartz type. Later examination showed 
that the quartz in Mason’s sediments is 
largely of the ‘‘“common” type (as defined in 
a later part of this paper), while that of 
Sneed and Folk’s study is chiefly meta- 
quartzite and vein quartz. 

It is the purpose of this study to analyze 
the sphericity and form variation of quartz 
grains in a continuous size range from large 
' Manuscript received August 22, 1958. pebbles to fine sand in a littoral environ- 
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ment. As in past sphericity studies, it is 
here assumed that the parameters studied 
are reflecting the influence of their present 
environment, and have not retained the 
shape characteristics of previous deposi- 
tional environments to a significant degree. 
Quartz was selected for study because, 
volumetrically, it is probably the most im- 
portant mineral in sand or gravel size sedi- 
ments. The ocean beach at Long Branch, 
New Jersey, was chosen as the sampling site 
because it was composed almost exclusively 
of quartz sand and gravel (Blatt, 1958), 
ranging in size from —5@ to +4¢. Un- 
fortunately, the amount of each of the three 
major genetic quartz types (vein, meta- 
morphic, and granitic) varied widely be- 
tween adjacent size groups, a situation not 
realized at the start of the study. This fact 
rendered it difficult to evaluate separately 
the effect on sphericity of quartz type as 
opposed to that of size change as such. 


PROCEDURE 


Two poorly sorted sandy gravel samples 
from Long Branch were selected to be ana- 
lyzed because each sample contained a large 


number of grains in all phi sizes between 
—4@ and +4¢. Each sample was sieved at 
a one phi size interval for fifteen minutes on 
a Ro-tap machine, and the grains on each 
sieve were then divided into two parts and 
bottled. This procedure yielded 4 bottles of 
grains for each whole phi interval between 
—4@ and +4@. An exception was made with 
the grains on the +4@ screen, all of which 
were taken from two samples but put in one 
bottle. 

The bottles were then given new random 
code numbers and measured in random 
order to preclude the possibility of the 
operator measuring all grains of one size on 
a day when he might estimate fractional 
measurements either consistently larger or 
smaller than their true value. Fifteen quartz 
grains from each bottle were measured at 
different times; these were summed to a 
total of 60 grain sphericities within each one 
phi size range (with the exception of the 
+3 to +4@ size, in which only 47 grains 
were measured). 

The mean size of the grains within each 
phi interval was obtained by taking the 
amount within each one phi size range from 
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the gross sediment sample as plotted on 
cumulative probability paper, recomput- 
ing this portion of the curve to 100%, and 
calculating its mean size. This was done to 
eliminate error arising from the fact that 
mean and median are not coincident in the 
sediment from a one phi interval obtained 
from the ‘‘tails’”’ of a larger frequency dis- 
tribution. For example, if a Gaussian curve 
has a mean size of 1.00 and a standard de- 
viation of 0.60¢, the mean size of the sedi- 
ment between +2¢ and +3¢ is not +2.5¢, 
but approximately +2.2¢. 

In addition, eleven lag gravel samples ob- 
tained at Long Branch were measured in 
order to obtain 32 pebbles in the —5@ to 
—4 range. Fluvial pebbles from the 
Aftonian Bridgeton Formation obtained by 
the writer from a gravel pit near Allanwood, 
New Jersey were measured in sizes between 
—5@ and —29¢. 

Due to the wide size range studied, both 
vernier caliper and microscope were used in 
the sphericity measurement procedure, ex- 
pediency dictating the use of the micro- 
scope for grains finer than 0¢. Each grain 
coarser than this size was measured with the 
caliper using the method described by 
Krumbein (1941, p. 65-66). 

The finer grains were scattered on a black 
micropaleontology grid and the grid was 
tapped until the grains rested with the plane 
of maximum projection lying horizontal. 
Two of the dimensions (longest and inter- 
mediate) were measured using a micrometer 
eyepiece, and the third dimension was meas- 
ured by focusing on the bottom of the grain 
and then raising the microscope tube until 
the top of the grain came into focus. A 
vernier on the fine focusing knob was read to 
determine the height (short axis) of the 
grain. 

From these data the ratio of the short 
axis to the long axis (S/L), and the ratio of 
the long minus the intermediate to the long 
minus the short (L—I/L—S) were computed. 
These values were then plotted on triangu- 
lar diagrams (figs. 1, 2, and 3) from which 
both maximum projection sphericity and 
form can be read directly, following the 
method of Sneed and Folk (1958). 

After all sphericity and form measure- 
ments had been made, the grains from each 
phi interval were mounted in plastic and 
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Fic. 1.—Sphericity-form diagram for quartz pebbles in the —5¢ to —4¢ size range, which is all 
vein-derived. The method of plotting form is that of Sneed and Folk (1958). Long, intermediate, and 
short axes of the particle are designated respectively L, I, and S; points are plotted by using ratios of 
these dimensions shown on the left and bottom sides of the triangle. Sphericity is shown by the lines 
curving to the lower right. Each point represents a single pebble. Observe the low mean sphericity and 
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strong platy (disc-like) tendency—i.e., the pebbles tend to fall on the left side of the form triangle. 


thin-sectioned, one phi size being used on 
each slide to avoid the possibility of small 
fragments of larger grains being mistaken 
for whole grains of a finer size. In each size 
group, 100 grains were counted to determine 
the change in percentage of each genetic 
quartz type with size. Three quartz types 
were defined as follows: 

(1) Common quartz—Single crystallo- 
graphic units with straight or slightly 
undulose extinction; few vacuoles. 


(2) Metamorphic quartz—(a) Moder- 
ately- to strongly-undulose extinction; grains 
generally composed of many _ sub-indi- 
viduals but this type also includes highly 
strained single quartz crystal units; or (b) 
composite, recrystallized quartz, with sub- 
individuals having straight extinction but 
different extinction angles. 

(3) Vein quartz—Abundant vacuoles; of- 
ten shows well developed comb structure. 
Highly strained yet very bubbly grains were 
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Sphericity-form diagram for quartz in the 0¢ to +1¢@ size range. Extreme 


compactness of form and high mean sphericity are evident. 


tabulated as vein quartz; however, this 
strained type comprised less than 10% of 
all vein quartz. 


GENETIC QUARTZ TYPE AS A FUNCTION 
OF SIZE 


Figure 4 shows the close relation between 
quartz type and grain size. Grains coarser 
than —2¢ are almost entirely vein quartz; 
slowly diminishing amounts are found in 
finer sizes until it virtually disappears at 
+19. This is readily apparent to the naked 
eye because almost all grains coarser than 
—2q@ are milky, while the sands contain 
only a very few milky grains. This change 
was verified by crushing grains and examin- 


ing them in oils. Metamorphic quartz is 
present in small amounts throughout most 
of the size range studied, but is most prev- 
alent between —2¢ and —1¢, where it 
forms up to 40% of the total sample. Com- 
mon quartz appears at —2q, rapidly in- 
creases in abundance with decreasing size, 
and strongly dominates the sample in all 
sizes finer than 0@. 

The size ranges in which these quartz 
types appear are almost certainly a func- 
tion of the size of quartz grains liberated 
from the source rocks. Veins provide the 
coarsest grains, and granites (the main con- 
tributor to the ‘common’ quartz type) 
generally yield the smallest quartz in the 
area studied. 





SPHERICITY OF BEACH SEDIMENTS 


SPHERICITY VERSUS SIZE 

Sphericity shows significant changes be- 
tween the different size grades (fig. 4 and 
table 1). The largest pebbles have the lowest 
sphericities (mean sphericity only .59 at 
— 4.4); from there sphericity rapidly in- 
creases to an apparently asymptotic value 
of .75 at a size of —2¢. At —19, sphericity 
again increases, reaching a maximum of .85 
at about +19. From this point, sphericity 
values slowly decline to .76 at +3.4¢. Thus 
highest sphericity values for northern New 
Jersey beach sediments are attained in the 
coarse sand to granule range. 


CAUSES OF SPHERICITY CHANGES 
With present information it is difficult to 
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say whether the changes in sphericity are 
due to size, as such, or whether they result 
primarily from genetic quartz type. That is, 
does sphericity change as a function of size 
only because the dominant quartz type also 
changes as a function of size? 

The chief factor favoring a sphericity 
change as a function of pebble size, as such 
(possibly caused by the nature of the abra- 
sion process) is that sphericity changes for 
the New Jersey beach sediments parallel 
the results for other pebble suites as regards 
sphericity change with size. Unpublished 
work at the University of Texas has shown, 
for pebbles of many rock types from several 
different areas, that for a given rock type 
sphericity nearly always decreases with in- 


TABLE 1.—Variation with size of sphericity and form of quartz grains from northern 
New Jersey beach sediments 





SIZE 
RANGE 
(MEAN) 


MAXIMUM 
PROJECTION 
SPHERICITY 


CONFIDENCE 
LIMITS (95 %) 
ON MPS. 





5 ¢ TO — 
— 4.446 





TO - 
— 3.4 9 





¢ To - 
— 2.58 > 





$ TO - 
— 159 ¢ 





$ To 
— 0.46 > 





¢ TO + 
+ 0.56 4 





¢ TO + 
+138 $ 





¢ TO + 
+ 2.16 





6 TO + 
+ 3.40 
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Fic. 3.—Sphericity-form diagram for quartz in the +3¢ to +4¢ size range, which is 95% 
common quartz. Note moderate sphericity and tendency toward elongate form. 


creasing pebble size in the range of —3¢ to 
—6q. Sneed and Folk (1958) for: ' for 
quartz pebbles in the Colorado k.. r at 
Austin that sphericity decreased from .75 at 
—3.5¢ to .66 at —6¢. 

Pettijohn (1949, p. 401, 404) cites several 
examples of sand grains (quartz plus various 
amounts of feldspar) decreasing in sphericity 
as the size diminishes from +1¢ to +39. 
Thus previous work appears to indicate 
that sphericity is at a maximum somewhere 
in the coarse sand to granule range, and 
decreases in both smaller and larger sizes. 

In the present study, it was again found 
that pebbles decreased in sphericity as their 
size increased, values ranging from .75 at 


—2¢ to.59 at —4.4¢. It was also determined 
that sphericities of sand grains decreased 
from .85 at +1¢@ to .76 at +3.4¢. In both 
instances, genetic quartz type remained 
relatively constant over these small inter- 
vals. 

The chief point favoring genetic quartz 
type as the main control on sphericity is 
the anomalous and sudden rise in the sphe- 
ricity trend between —1¢ and 04, which is 
precisely where vein quartz is superseded 
by common quartz. It is theoretically prob- 
able that vein quartz has a low sphericity 
because of its comb structure and common 
evidence of strain. Presumably this aniso- 
tropic nature might make it fracture into 
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Sphericity versus size and genetic quartz type. The rise to dominance of common quartz 


between —1¢ and cE ia may be related to the shape increase in mean sphericity within the same size 
range. The dashed lines indicate confidence limits at the 95% level on the New Jersey sphericity-size 


trend. 


fragments of inherently low sphericity. 
Common quartz, on the other hand, gen- 
erally has fewer well defined planes of 
weakness due to its formation in a more 
isotropic environment. Thus it should have 
a higher inherent sphericity. 

Consequently, the upward bend in the 
sphericity curve at —1@ might be inter- 
preted as follows: vein quartz grains reach 
their highest limiting sphericity of about 
.75 between —2¢ and —1¢. At this size, 
common quartz begins to appear in abund- 
ance, immediately increasing the spheric- 


ity again. At +0.5¢, almost all the quartz is 
common quartz with a high sphericity value 
of .85. The sphericity value of .79 at —0.5¢ 
could be interpreted as a mixture of half 
vein quartz grains with a sphericity value 
of .75, and about half common quartz 
grains with sphericity about .85. The meta- 
morphic quartz is present in too small a 
quantity to affect the curve appreciably, and 
it appears to have about the same low 
sphericity as vein quartz, also presumably 
because of formation in an anisotropic en- 
vironment. 
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Fic. 5.—Change of sphericity and form within each one phi unit size interval for northern New 
Jersey beach sediments. Only the central portion of the form-sphericity triangle of figures 1 to 3 is 
shown here. Each point corresponds to the mean form of a suite of pebbles or grains within one phi 
size interval; average phi size of the particles within each interval is appended to the points. Mean 
forms are computed by the method of Sneed and Folk (1958, p. 143). The track connects the points in 
order of decreasing grain size. Note that sphericity is lowest for the largest pebbles, and reaches a 
maximum at about +0.5¢ to +1.5¢ (.35 to .70 mm). Sphericity then decreases into the finer sand 
ranges. The larger pebbles tend to be platy (disc-shaped) because they fall on the left side of the dia- 
gram, while the fine and very fine sand grains tend to be elongate (rod-shaped), because they fall on 
the right side of the triangle. The sudden sidewise jump between —0.5¢ and +0.6¢ coincides with the 
change from dominant vein quartz in the coarser sizes to dominant common quartz in the finer sizes, 
the common quartz apparently having a higher inherent sphericity. The symbol designated (M) repre- 
sents the mean form of fine sand grains from Mustang Island, Texas, a barrier bar studied by Mason 
(1957). 


FORM CHANGE WITH SIZE Wave swash on the upper part of a beach 
slope (where the coarser materials are de- 
posited) tends to produce a sliding motion. 
This type of movement should generate disk 
shapes from more spherical shapes by con- 
tinual abrasion and sliding on a plane nor- 
mal to the direction of the pebble axis which 
is initially the shortest. There may be a 
correspondence between this initially short 
axis and the anisotropy of the quartz type 
concerned. In the larger pebbles, the gross 


The New Jersey beach pebbles have a dis- 
coidal form, which is most pronounced in 
the larger sizes (figs. 1 and 6). Sneed and 


Folk’s river pebbles, although | slightly 
coarser than those obtained in the present 
study and hence not strictly comparable, 
tend to be more rod-like. This rod-like 
tendency of river pebbles is further verified 
by the Bridgeton Formation fluvial pebbles 
within the same size range as the New Jersey 


suite and probably coming from approxi- 
mately the same source as the New Jersey 
beach pebbles. This is apparently a direct 
reflection of the contrasting types of abra- 
sion prevalent in the two environments. 


fracture pattern in the parent rock (i.e., 
jointing, exfoliation) may be a significant 
factor. 

River action is essentially turbulent as 
far as pebble movement is concerned, and 
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Fic. 6.—Sphericity and form of quartz pebbles of different sizes from several areas. As in figure 5, 
only the central part of the sphericity-form triangle is shown here, and each point represents the mean 
form of a suite of pebbles whose average phi size is appended to that point. The tracks connect the 
points in order of decreasing size. On the northern New Jersey beach, pebbles larger than about —4¢ 
(16 mm) show a distinct platy or discoidal tendency in that they fali on the left side of the form tri- 
angle. Two sets of river pebbles are shown:a set from the fluvial Bridgeton Formation, also from north- 
ern New Jersey, and a set from the Colorado River, Texas (data from Sneed and Folk, 1958). Both 
sets of river pebbles show an elongate (rodlike) tendency for the larger pebbles. This pronounced dif- 
ference in form between beach and river pebbles over a certain size may bea helpful diagnostic crite- 


rion. Observe also that for all pebble suites, the larger pebbles have lower sphericities. 


movement of this size particle is conse- 
quently obtained by rolling action, yielding 
a more rod-like form than is possible in the 
littoral environment. This rod-like tendency 
seems to be reduced as the pebble decreases 
in size and becomes more likely to be trans- 
ported by saltation. Size decrease and ac- 
companying tendency to saltate also causes 
the loss of discoidal shape in beach pebbles. 
River and beach pebbles are apparently in- 
distinguishable by form in sizes finer than 
—2.5¢. 

Figures 2, 3, and 5 reveal a strong tend- 
ency for quartz grains finer than +1.5@ in 
the beach environment to fall into the com- 
pact-bladed classification, near the border of 
compact-elongate. A similar rod-like form 
was characteristic of Mason’s (1957) fine 
beach sand on the Texas coast. This form 


suggests that fracturing parallel to the c-axis 
may be a prominent method of size reduc- 
tion in sand size particles (Wayland, 1939; 
Borg and Maxwell, 1956). 


FORM AND GENETIC QUARTZ TYPE 


The location of the sizes at which meta- 
quartz and common quartz are introduced 
is strikingly shown in figure 5. It appears 
that metaquartz, although having approxi- 
mately the same sphericity as vein quartz 
at —2.5¢, is conspicuously more rod-like in 
form. Its point of introduction at —3@ 
produces an abrupt form change due to a 
relative increase in the length of the long 
axis as compared with vein quartz. This 
presumably results from the greater differ- 
ential which shear metaquartz undergoes 
during its genesis. However, metaquartz is 
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not present in abundance, and its reduction 
to a minor part of the total sample after its 
mode at —1.5@ results in a gradual form 
change to more compact. 

The effect of common quartz is distinctive 
the mean quartz form (fig. 5) becoming 
abruptly more compact between —0.5@ 
and +0.6¢. The fact that this form is pres- 
ent at +0.6¢ in a 65% common quartz- 
10% vein quartz-15% metaquartz mixture 
testifies to the extremely compact form as- 
sociated with common quartz. 

It seems that the form of New Jersey 
beach sediments is more severly affected by 
changes in genetic quartz type than is 
sphericity. 

CONCLUSIONS 


The quartz sphericity data obtained in 
this study suggest the following: 
1) Original sphericities of vein, meta- 
morphic, and common quartz are probably 
strongly influenced by relatively large scale 
stress phenomena such as jointing, faulting, 
sheeting, or exfoliation; 
2) Final sphericities of each quartz type 
probably result from a number of factors, 
among which are: 
a) the large scale stress factors noted in 
(1) above; 

b) time, which tends to conceal or remove 
the effect of (a); 

c) size of grain; 

d) genetic quartz type; 
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e) method of size reduction, especially 
applicable in the finer sand ranges, 
(this includes the varying effects of the 
river vs. the beach environments); 

f) miscellaneous factors such as bubble 
train lineations with the grain; 


3) In the pebble sizes, transportational 
or depositional environment may be in- 
dicated by the form of the pebbles, those 
from a river tending to be more rod-like 
than those affected dominantly by littoral 
processes of abrasion, which tend toward 
disks. With regard to pebbles affected by 
both environments (i.e., river transportation 
and littoral deposition), time in each en- 
vironment is certainly a factor in determin- 
ing the final form of the buried particle; and, 

4) The form of sand size quartz grains 
seems to be very sensitive to changes in 
genetic quartz type. 
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ABSTRACT 

Relative proportions of individual heavy minerals in the front- and back-bar beaches of Galveston 
Island are almost identical and indicate little or no compositional difference between the two beaches. 
Size distributions of the bulk sands from the two beaches, however, show marked differences. Sands 
of the back beach contain an excess of fine material over the amount predicted from lognormal curves; 
sands of the front beach exhibit a deficiency of fine sizes, with the deficiency most pronounc ed in the 
intermediate (0.1 mm) range. The distribution curves are apparently the result of selective reworking 
of origina! shoreline sands. The textural features are controlled by local depositional environments on 
the bar, but compositional properties are apparently independent of these local environments. 





INTRODUCTION 


Galveston Island is one of a series of large, 
elongate, offshore bars which characterize 
much of the Gulf Coast of Texas. The 
island, which separates Galveston Bay from 
the Gulf of Mexico, trends in a northeast- 
southwest direction and is approximately 
30 miles long. A sand beach circumscribes 
the island and may conveniently be sub- 
divided into a frontal beach on the south 


side of the island, facing the Gulf of Mexico, 
and a back-bar beach on the north side of 
the island, facing Galveston Bay. The pres- 
ent study is concerned with the mineralogy 
and texture of the beach sands and deals 


primarily with the size distributions ex- 
hibited by the sands on the front- and back- 
bar beaches. 

An extensive bibliography concerning 
work on recent sediments along the Texas 
Gulf Coast is given by Shepard and Moore 
(1955). 

The research reported in this paper was 
supported by the Harry Carothers Wiess 
Fund of the Department of Geology of The 
Rice Institute. 


PROCEDURE 


Seven samples, spaced at 5-mile intervals, 
were taken from each side of Galveston 
Island. Those from the front of the island 
(facing the Gulf) were labeled 1 to 7, and 


1 Manuscript received August 23, 1958. 

2 Formerly Department of Geology, The Rice 
Institute, Houston, Texas. Current address is 
3443 Meadowlake. Houston, Texas. 


corresponding samples from the back side 
were labeled 1a to 7a. All samples were 
taken at a level about 2 feet below the sur- 
face of the beach at a point estimated to be 
roughly midway between high and low tides. 
Enough sand to fill a 1-quart container was 
obtained at each locality. 

A 50-gram portion of each sample was 
selected for sieving and heavy mineral anal- 
ysis. This material was dried under an in- 
frared heat lamp, disaggregated with a 
wooden rolling pin, and boiled in a solution 
of stannous chloride in 2N hydrochloric acid. 
The average weight loss in acid (caused by 
removal of carbonate and partial removal 
of ferruginous material) was about 5 percent. 

Heavy minerals were removed from a 5- 
gram portion of the cleaned sand by cen- 
trifuging in bromoform. All samples were 
initially centrifuged for 5 minutes at 
approximately 2500 rpm in celluloid cen- 
trifuge tubes. The tubes were then placed in 
crushed dry ice in order to freeze the 
bromoform, and the bottom part of the 
tube containing the heavy minerals was 
severed from the upper part. The heavy 
minerals were then recovered on filter paper 
after allowing the bromoform to melt, and 
were washed with acetone. The light frac- 
tion was recentrifuged, and the whole 
process was repeated twice more. The heavy 
minerals from each of the three separations 
were then combined and examined to- 
gether. The amount of heavy minerals re- 
moved in the second and third steps was 
much less than in the first step, and only 
an insignificant fraction was _ recovered 
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during the third centrifuging. 

The separated heavy minerals were 
mounted in Canada balsam on glass slides. 
Relative mineral percentages were deter- 
mined separately in each half of the slide 
(under separate cover glasses) by counting 
300 grains; see Dryden (1931) for accuracy 
of such counts. The average percentage of 
heavy minerals recorded for each sample is 
the average of both halves of the slide, ex- 
cept in the case of two samples, for which 
only one count was made. The total weight 
percentage of heavy minerals in each sample 
is not accurately known owing to the im- 
possibility of separating inclusion-filled, 
iron-stained quartz from the true heavy 
minerals. 

The size distributions of the bulk samples 
(almost entirely quartz) were determined 
by sieving approximately 30 grams of clean 
sample from which calcareous and _fer- 
ruginous matter had been removed. The 
sieving was done in a conventional RoTap 
shaker for 7 minutes, and the weight per- 
centages in each size grade were plotted on 
logarithmic probability paper. All samples 
were initially analyzed with sieve intervals 
as shown in table 3. These intervals dem- 
onstrated the percentages in the tails of the 
distribution curves but were not particularly 
well suited to plotting the central portions 
of the curves owing to the excellent sorting 
of the samples. Consequently, eight of the 
samples were reanalyzed using the sieve 
intervals shown in table 4. 

RESULTS 

Table 1 shows the average relative per- 
centages of nonopaque heavy minerals in 
samples from the front and back beaches 

-of Galveston Island. Obviously, no major 
differences occur, but in order to test the 
possibility that the two beaches exhibit 
slight differences in mineralogy, the abun- 
dances of hornblende, zircon, tourmaline, 
and garnet were subjected to a variance 
analysis; for discussion of method see 
Dixon and Massey (1957). The variance 
analysis was designed to determine whether 
or not any of the four minerals varied 
significantly in abundance either parallel 
to the beaches or from one beach to the 
other. The various sample pairs were used as 
columns (a total of 7) and the respective 
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TABLE 1.—Average relative abundances of heavy 
minerals in the beach sands of Galveston 
Island 








Abundance Abundance 
in front- in back- 
bar beach bar beach 


Mineral 





Hornblende 15.8% 15.9% 
Zircon 9 15. 

Tourmaline : TH. 

Garnet ‘ 7 
Sphene and Monazite : 5 
Epidote A 
Kyanite , 3 
Pyroxene : 1 
Opaque minerals : 32 
Others (staurolite, anda- 

lusite, rutile, apatite) 


remainder remainder 





beach samples as rows (a total of 2). The 
percentage data, being rather small num- 
bers, were normalized by the arcsin /x 
transformation. The F values obtained are 
the ratios between the mean squares of the 
column or row means and the residual. Table 
2 shows the F values for row effects (varia- 
tion between beaches) and column effects 
(variation along beaches). No significant 
variation occurs between the front and back 
beaches of the island except in the case of 
garnet, and its variation is small. Insofar 
as the relative proportions of heavy minerals 
can be considered indicative of the composi- 
tion of the clastic material in the beach 
sands, the two beaches appear to be com- 
positionally similar. Non-clastic, or at least 
locally derived, materials such as shell 
fragments are slightly more abundant in the 
back-side beach as shown by the fact that 
the average total percentage of acid-soluble 


TABLE 2.—Results of variance analysis of the rela- 
tive proportions of hornblende, zircon, tourma- 
line, and garnet in the front- and back-bar 

sands of Galveston Island 








F-value for 
variation 
along 
beaches 


F-value for 
variation 
between 

beaches 


Mineral 





0.12 
0.015 
1.08 
6.80! 


Hornblende 
Zircon 
Tourmaline 
Garnet 


1.09 
3:20 
6.77! 
1.00 





1 Significant at the 95% level. 
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Fic. 1.—Grain size distribution in typical 


sample of sand from the frontal beach of Gal- 
veston Island, facing the Gulf of Mexico. 


material on the back side is 7.5 percent, 
compared to 3.2 percent in the sand on the 
front beach, facing the Gulf. 

Though the clastic materials on the two 
beaches are similar in composition, they are 
quite different in texture. The results of 
sieve analyses made on the sands of both 
beaches are given in tabies 3 and 4. Table 3 
shows the data obtained from a rather 
widely spaced sieve interval, and table 4 
shows the results obtained using a closely 
spaced interval. On logarithmic probability 
paper the data from each sample plot in a 
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Fic. 2.—Grain size distribution in typical 
sample of sand from the back beach of Galveston 
Island, facing Galveston Bay. 


manner typified by figures 1 and 2, which 
represent the size distributions in the front- 
and back-beach samples. The average values 
of the commonly measured parameters of 
the size distributions are given in table 5. 
As shownin table 5, calculated parameters 
based on quartiles of the size distribution 
curves indicate little or no difference be- 
tween sands of the front and back beaches. 
Examination of tables 3 and 4 and figures 
1 and 2, however, shows that the different 
beaches contain sands with quite different 
size distributions. The back-beach sands con- 


TABLE 3.—Results of sieve analyses of cleaned samples of front-bar (1 to 7) and back-bar (1a to 7a) 
sands from Galveston Island. Results expressed in weight percent of material retained on sieves 
with the size intervals indicated 


Sample — 
0.420 


DAWU EW Wyre | 
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~Is 
© 


Mesh sizes in mm. 


0.062 





0.044 <0.044 
.06 .03 
.02 .86 
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TABLE 4.—Results of sieve analyses of selected cleaned samples of front-bar (1 to 7) and back-bar 
(Ja to 7a) sands from Galveston Island. Results expressed in weight percent of material retained 
on sieves with the size intervals indicated 


Sample == Peele 
0.149 0.125 


0.105 








Mesh size in mm. 





0.074 





11. ; 46. 
19. : 26. 
36. 
15. 
6. 
30. 
12. 
24.2 


TST Ge Go 
> ~ ~ 


tain a long tail of fine material while on the 
front beach, grains smaller than 4; mm are 
almost completely absent. In addition, 
size distribution curves for the sands of the 
back beach, drawn on logarithmic probabil- 
ity paper, are simply convex upward; 
curves for the front-beach sands are convex 
upward in the fine sizes and concave up- 
ward toward the coarse sizes. The difference 
in the textures of the sands on the two 
beaches is largely in the tails of the size dis- 
tributions, and consequently standard quar- 
tile parameters do not indicate the real dif- 
ference between them. 

Many of the size distribution curves ob- 
tained are very close to lognormal curves 
(straight lines on logarithmic probability 
paper) either throughout the entire dis- 
tribution or the major part of it. Slight dif- 
ferences from lognormality, however, can 
be detected for both front and back beaches. 
For the sands of the back beach, the size 
distribution curves, in comparison with 
lognormal curves, may be considered as 
exhibiting either an excess of fine material 


TABLE 5.—Average size distribution parameters for 
front- and back-bar sands from Galveston 
Island. Parameters calculated from 
quartile measurements 


Back-bar 
beach 


Front-bar 
beach 


0.118 mm 0.118 mm 
1.14 i I 


Median 

Sorting coefficient 
Vv Qs/Q1 
Skewness 


Q3Q1/ M2 


1.02 0.997 





4.87 
9.13 
1.95 
6.43 
4.02 
7.85 
5.39 
2.56 


SCnocowo| & 


So 
es 
~ 





or a deficiency of coarse material. In the 
sands of the front beach, in comparison with 
a straight line (lognormal curve) drawn 
through the central part of the distribution, 
the actual sands exhibit an excess of both 
coarse and fine material; the actual curve 
may, however, be compared with a straight 
line drawn through the coarse fraction, in 
which case the entire distribution can be 
considered as showing a deficiency of fine 
material, the deficiency being greatest in 
the intermediate size grades. 

The writers are not aware of an a priori 
method of determining the most appropriate 
of several possible ways of comparing actual 
and lognormal curves. Possibly all methods 
are equally valid depending upon the ul- 
timate analysis of the data. 


CONCLUSIONS 


The sand which comprises the Galveston 
bar is largely reworked clastic material 
from the near-shore sands which have been 
deposited along the Gulf Coast of Texas. 
This original material from which the bar 
was constructed may be presumed to con- 
sist of sands which, in the aggregate, ex- 
hibit nearly lognormal size distributions. 
This conclusion is based on the fact that 
most common, large-scale, sedimentary 
processes tend to produce materials with 
such distributions. Consequently, the 
slightly non-normal distributions of the 
sands on the beaches of the Galveston bar 
demonstrate the selective reworking of 
various components of these original shore- 
line sands. The individual distributions are 
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indicative of the activity of ‘‘selective’’ 
forces as stated in the terminology dis- 
cussed by Rogers (1958). 

Sands of the front beach, facing the Gulf, 
have obviously been modified by elutriation 
of fine material by both wave and wind ac- 
tion. This elutriation process has resulted 
in the deficiency of fine materials shown by 
the size distribution curves. The greater 
deficiency in the middle ranges (about 0.1 
mm) than in the extremely fine sizes (0.06 
mm) may result from the ability of both 
wind and waves to move the medium-sized 
material, whereas only water may be effec- 
tive in moving the extremely fine particles. 
It is also likely that the intermediate sizes 
are moved most readily by water. The rela- 
tive ease of movement of different sizes of 
grains has been discussed by Inman (1949). 
If the lognormal curve is drawn through 
the central portion of the actual size distri- 
bution, thus showing an excess of both 


coarse and fine material, the same con- 


clusion concerning greater mobility of in- 
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termediate sized grains is also reached. 

The sands of the back beach (facing 
Galveston Bay) contain an excess of fine 
materials in the size range of 0.1 mm and 
less. This excess presumably results from 
the addition of fine materials, though the 
precise source of the sand is unknown. The 
distribution curves for sands of the back 
beach could also be explained by removal 
of the coarse sizes, though this possibility 
seems unlikely. 

Reworking of the shoreline sands to form 
the Galveston bar has caused textural 
modifications without accompanying com- 
positional changes. The relative propor- 
tions of heavy minerals in the back and 
front beaches are almost identical. Appar- 
ently, textural features of the sediments are 
primarily influenced by local depositional 
environment, such as position on the bar; 
whereas, composition is largely determined 
by the broad tectonic environment of the 
Gulf Coast and is only slightly influenced 
by local features. 
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ABSTRACT 

The purpose of this study was to determine if data on the recent sediments of Alameda Creek, Ala- 
meda County, California, supported the general observation that the size of stream sediments de- 
creases with increasing distance from the stream’s headwaters. Beginning at the stream’s headwaters 
on Valpe Ridge and continuing 18 miles to the town of Niles, consecutively numbered observation sta- 
tions were set up at mile intervals. At each station the size, rock type, roundness, and sphericity of the 
maximum-sized boulder were determined. Also at observation stations 2, 5, 7, and alternate stations 
thereafter, two hundred rocks were measured to determine the size distribution of the gravel. Volume 
frequency and cumulative percentages were computed from the numerical data. 

t was found that the maximum boulder size fluctuates throughout the entire length of the stream 
studied, but generally decreases as distance from the headwaters increases. The fluctuations seem to 
be due to constrictions in the width of the stream channel and changes in the stream gradient. The 
median diameter graph is very similar to the maximum-boulder-size graph. The sediments appear to 
be well sorted. Sphericity of the maximum-sized boulder fluctuates whereas the roundness increases 


as the distance from the headwaters increases 


In general, the data on recent sediments of Alameda 


Creek support the observations made on other streams and have no major anomalies. 


INTRODUCTION 


This report is a study of the recent sedi- 
ments of Alameda Creek. The object of the 
analysis was to determine if data on the re- 
cent sediments of Alameda Creek supported 
the general observation that size of stream 
sediments decreases with increasing dis- 
tance from the stream’s headwaters. It was 
also made to determine the general nature 
of the sediment’s roundness, sphericity, and 
sorting, and to determine how these features 
varied with increasing distance from the 
stream’s headwaters. Width of the stream 
bed and position of the major tributaries 
were also considered as minor contributing 
factors. 

Measurements were taken at mile in- 
tervals. Size, roundness, and sphericity of 
the maximum-sized boulders were deter- 
mined as well as the size distribution and 
statistical constants of the stream gravel. 
In terms of the A.G.U. size classification 
(A.G.U., vol. 28, p. 937), most of the stream 
sediments range in size from fine gravel to 
large cobbles, but for the sake of simplicity 
they will all be referred to as gravel through- 
out this article. 

Very little study of stream sediment size 
and factors relating to size has been done in 


* Manuscript received August 29, 1958. 
2 Present address: University of Southern 
California, Los Angeles, California. 


the past. Two notable papers on this subject 
are Krumbein’s paper on the flood deposits 
of Arroyo Seco (Krumbein, 1942), and 
Plumley’s paper on the Black Hills terrace 
gravels (Plumley, 1948). No work of this 
type has previously been done on Alameda 
Creek or other streams in the general 
vicinity. 


AREA STUDIED 


Alameda Creek is located in Alameda 
County, California. Its headwaters are on 
the crest of Valpe Ridge in the southwest 
corner of the La Costa Valley, 7.5 minute, 
Quadrangle. The creek flows northwest 
through Sunol Valley and then into Niles 
Canyon. After leaving the canyon, it flows 
into the Santa Clara Valley and through 
the towns of Niles and Alvarado. It then 
empties into San Francisco Bay about three 
miles north of the Dumbarton Bridge. 
Figure 1 indicates the general area in which 
the study was made. 

The area covered in the analysis extends 
from the headwaters of the creek on Valpe 
Ridge to the town of Niles. This is a dis- 
tance of approximately 18 miles. Below 
Niles, the stream is being dredged for flood 
control purposes. A sediment analysis on 
this part of the stream was not undertaken 
because of alteration of the stream’s course 
due to dredging. 

In the area studied, the stream predomi- 
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Fic. 1.—Map showing the general location of the area studied. 
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nantly flows through Jurassic rocks of the 
Franciscan Formation. These are mainly 
schist, greywacke, and chert. Sediments in 
the first half of the course of the creek 
studied are predominantly chert and schist, 
but in the last half of the course they are 
predominantly greywacke. 

Alameda Creek is an intermittant stream 
with water flowing during, and after, long 
rainy spells. Every few years the stream 
bed in the Santa Clara Valley is unable to 
contain the water and a flood results. The 
rest of the years water flows in only parts of 
the stream channel. 


METHOD OF STUDY 


Beginning at the stream’s headwaters on 
Valpe Ridge and continuing 18 miles to the 
town of Niles, consecutively numbered ob- 
servation stations were set up at mile in- 
tervals. The maximum boulder measure- 
ments were taken at every mile station and 
the size distribution measurements were 
taken at observation stations 2, 5, 7, and 
alternate stations thereafter. At each sta- 
tion, the three diameters of all the large 
boulders, within a distance of 50 feet up- 
stream and 50 feet downstream, were meas- 
ured with a steel tape. There were usually 
two to five large boulders in the prescribed 
area. The intermediate diameter of the 
largest boulder in the area was used for the 
graph (fig. 2). Roundness and sphericity of 
the largest boulder were determined by the 
use of charts from Rittenhouse (1943) and 
Krumbein (1941). The petrographic classi- 
fication of the rock was also recorded. Width 
of the stream bed at the stations and posi- 
tion of the tributaries were determined in 
the field and are indicated in figure 2. 

At observation stations 2, 5, 7, and alter- 
nate stations thereafter, two hundred rocks 
were measured to determine the size dis- 
tribution of the gravel. Principles pertain- 
ing to size distribution analyses were taken 
from Wentworth (1926). Throughout the 
stream bed, the surface layer of gravel was 
underlain by sand; only the rocks from the 
surface layer of gravel were measured. The 
sand particles beneath the gravel layer were 
considered to represent another population 
and were not considered in this analysis. 
The rocks used in the size distribution 
analysis were measured by placing their 
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intermediate diameter next to a data sheet 
marked off with columns for each size 
grade. The data sheet was stiff paper with 
its top edge marked off in millimeters. A 
line was drawn from the top scale all the 
way down the paper at each limiting diame- 
ter on the scale. These limiting diameters 
were 4.00 mm, 5.65 mm, 8.00 mm, 11.30 
mm, 16.00 mm, and so on by +/2 progres- 
sion. If a rock’s intermediate diameter fell 
into the column between 4.00 mm and 5.65 
mm, a mark was put in that column to 
signify one rock within that particular 
size grade. After measuring two hundred 
rocks, the marks in each column were 
totaled and the volumetric frequency was 
determined by multiplying the numerical 
frequency in each size grade column by the 
cube of the mean diameter of the two 
limiting diameters of that column; these 
results are shown in table 2. A separate 
data sheet was used for each distribution 
analysis. This method of obtaining field 
measurements for a distribution analysis 
was introduced by Emery (1955). 

All statistical constants were determined 
from cumulative curves plotted on the 
basis of volumetric, or weight, frequencies. 
Sorting coefficient values and skewness 
values were determined by the formulas 
found in Pettijohn (1957, p. 26) which are: 


Sorting Coefficient =~/Q25/Q1s 
Q5X Qs 


Skewness = ——_— 
(Ma)? 


RESULTS AND CONCLUSIONS 


Petrographic classification and measure- 
ments made on the large boulders are shown 
in table 1. The intermediate diameter of the 
maximum boulder and its roundness and 
sphericity, as shown in table 1, are plotted 
in figure 2. Also plotted in figure 2 are the 
stream gradient, width variations of the 
stream channel, and the median diameter 
of the gravel. 

It can be seen from figure 2 that the maxi- 
mum boulder size fluctuates throughout the 
entire length of the stream, but generally 
decreases as the distance from the head- 
waters increases. Fluctuations of the maxi- 
mum boulder size are due to a combination 
of factors consisting predominantly of 
changes in the stream gradient and constric- 
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Fic. 2.—Curves on graphs show how the maximum boulder’s intermediate diameter, the median 
diameter of the gravel, roundness and sphericity of the maximum-sized boulders, stream channel width, 
and stream gradient vary with increasing distance from the stream’s headwaters. 


tions in the width of the stream channel. In their studies relating to river channels, 
Minor factors contributing to the fluctua- Leopold and Wolman (1952) found that 
tions are the alluvial cones formed at the aggradation can, and often does, take place 
mouths of some of the tributaries and the in an area of even and constant slope. This 
introduction of larger sized sediments into same phenomenon was found in Alameda 
the trunk stream by tributaries. Creek. Several areas of aggradation, such as 
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TABLE 1.—Measurements taken at every mile station 


| | ” 

| Largest 

| Max 1 Re 
ee +. | Max. boulder sizes 
Station No. “pa He 


Roundness & sphericity 


jintermediate| of max. boulder used 
| diameter | for the graph 
| Bars ke 
| 


used in 


figure 1 |Roundness| Sphericity 


106 X99 X81 | | | 
101 X92 X74 99 2 85 Greywacke 
36X25 X22 


92X81 X74 | 81 : .90 | Shale 
84X71 X63 | | 
178X109 X 102 | 
178 X89 X51 : - Glaucophane Schist 
203 X99 X71 
104X76X51 
24 157X127 | | 
14210258 | M ; : | Greywacke 
74X58 X 36 
130X114 X66 


23 140X102 
216X127 X94 
210X127 X86 
178X107 X89 


TSX 71 
109K 104 X43 2 x : | Peridotite 
147 X74X41 

99 X64X58 


199X175 X76 | | 

155 X69 X61 : ea : Greenstone 
8448 X43 
13011497 | | 

102 X97 X43 ; : Arkosic Wacke 
11497 69 

1307461 


25X20X18 
28X18 X15 2 ; 2 Siltstone 
28X20X15 


28X23 X18 

46X23X15 : : 9: Quartzite 
46X2015 | 
28X18X13 


25X20 X18 

ba ee Oh) 2 : | 7 Arkosic Wacke 
25X15 5610 | 

25X18X13 | 

28X18X13 : | 4 Greywacke 
28X13X8 


48X 38X23 | 
41X23x20 : : : Arkosic Wacke 
28K23X18 
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TABLE 1.—(Continued) 





Largest 
intermediate 


| 

| 

| 
—- 


Max. boulder sizes 


Station No. : 
in cm 


diameter 
used in 
figure 1 


30X23 X15 
13X8X5 
15X10X8 


23 


79X71 X69 

74X66 X53 

117 X86 X84 
107 X59 X53 
97 X61 X56 

102 X76X61 


71 
86 


202X119 X71 
168 X 102 X89 
180115107 
89 X66 X26 
94X69 X61 
1377159 
97 X61 X33 
145125 X61 
SE 3S M15 
33X31 28 
48X25 X12 
33 X23 X20 


from the two-mile station to the three-mile 
station, and the thirteen-mile station to the 
sixteen-mile station, are situated where the 
stream gradient is fairly constant. (See fig. 
2.) 

Constrictions formed by the narrowing of 
the stream channel seem to be partly re- 
sponsible for the fluctuations in the graph- 
ical representation of the maximum-sized 
boulder. Most noticeable of these is the 
sharp decrease in the diameter at station 
eight. The stream channel is 105 feet wide at 
station six and narrows to 60 feet at station 
seven; it then widens to 80 feet at station 
eight. This constriction at station seven has 
probably formed a hydraulic jump between 
stations six and seven and caused an in- 
crease in the stream’s velocity and com- 
petence by station seven. The increase in 
velocity and competence is continued 
through station eight. Constrictions in 
stream width caused by alluvial cones at the 
mouths of the tributaries are very minor 


Roundness & sphericity 
of max. boulder used 


for the graph Type of rock 





Roundness | Sphericity 
p ) 


| <2 Diorite 


Arkosic Wacke 


93 


ae 


5 
a 





Arkosic Wacke 


| 
| 





Arkosic Wacke 


Quartz Arenite 





Arkosic Wacke 





and do not cause any fluctuation on the 
graph of maximum boulder size. 

Results of the gravel counts are shown in 
table 2 and the statistical constants derived 
from these data are shown in table 3. 
Median diameter values were calculated 
from cumulative percentage curves and 
then plotted on figure 2. The median diame- 
ter curve is similar to the maximum boulder 
size curve. Both curves reach a maximum 
size value at, or near, the point represent- 
ing station six and both curves decrease past 
this point but the maximum boulder size 
curve reaches its minimum value sooner 
than the median diameter curve. 

Sorting coefficients calculated from the 
cumulative percentage graphs are also 
shown in table 3. The average sorting co- 
efficient is 1.38. According to Trask (1932), 
a perfectly sorted sediment has a coefficient 
of 1.0 and a value under 2.5 indicates a well 
sorted sediment. Pettijohn states that the 
value of 2.5 is too high. He states that 
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Hough and Stetson have pointed out “that 
most near-shore marine sediments of the 
sand grade have sorting coefficients be- 
tween 1.0 and 2.0. Stetson gives 1.45 as the 
average’”’ (Pettijohn, 1957, p. 37). It is be- 
lieved that the range of limits that denote a 
well-sorted sediment will change as the con- 
ditions, or environment, of deposition 
change. A sorting coefficient that denotes a 
well-sorted marine sediment does not neces- 
sarily also denote a well-sorted alluvial de- 
posit. In the case of recent stream deposits, 
the value of 1.38 appears to denote a very 
well-sorted gravel deposit. 

Table 3 shows that as the values for the 
median decrease most of the skewness 
values increase, indicating skewness to- 
wards the smaller classes, whereas the sort- 
ing coefficients remain fairly constant. In his 
work on the flood deposits of Arroyo Seco, 
Krumbein found that skewness is a function 
of size and moves toward the smaller size 
classes as the mean size decreases with dis- 
tance; whereas, the sorting coefficient shows 
no systematic change with distance of trans- 
port (Krumbein, 1949). This statement is 
also true for Alameda Creek. 

Figure 2 shows that the roundness fluc- 
tuates but tends to increase with increasing 
distance from the headwaters. Superimposed 
on this behavior is the fact that the round- 
ness increases as the maximum boulder size 
decreases. The sphericity fluctuates fairly 
consistently between .72 and .92. These 
graphs, plus the increasing roundness with 
decreasing size, support Krumbein’s con- 
clusions that the roundness is a function of 
wear on the pebble over the distance 
traveled but the size and shape of the pebble 
are functions of the dynamic conditions at 


TABLE 3.—Statistical constants (mm) 


| Coefficient of 
sorting 
(So) 


Median 
(Md) 


Coefficient of 


95 
90 
85 
80 
75 


ALIOIYSHdS 


iar tae, ae Gr, ct 
ROUNDNES S 


Fic. 3.—Graph of average sphericity value 
for each given roundness value. 


the immediate site of deposition (Krum- 
bein, 1949.) 

Figure 3, a graph of average sphericity 
value for each given roundness value, shows 
an increase in sphericity with an increase in 
roundness. This graph is based only on 
average sphericity figures and it can be seen 
from figure two that this relationship does 
not occur in every case. This graph agrees 
with the findings of Russell and Taylor 
(1937) in their work on the Mississippi 
River sands, that sedimentary particles of 
high sphericity are rounder than those of 
low sphericity. 

Data on recent sediments in Alameda 
Creek support observations made on other 
streams concerning stream transport and its 
various factors. Conclusions concerning the 
sediments of Alameda Creek within the area 
studied are as follows: 


Maximum boulder size and median 
gravel size decrease downstream. 

. The sediments appear to be well sorted. 

3. Skewness is a function of the mean 
size. 

. Sphericity fluctuates fairly consistently 
and generally does not tend to increase 
or decrease. 


3rd quartile 
(Qs) 


| 
ryt Ist quartile | 
skewness (O:) | 
(Sk) | 
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rock decreases. for his valuable aid in organizing the proj- 
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THE IMPORTANCE OF MODES IN CROSS-BEDDING DATA! 
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Florida State University, Tallahassee, Florida 


ABSTRACT 

Cross-bedding data are presented from three sharply restricted channel sandstones, in Oklahoma 
and Tennessee; from a Pleistocene deposit in Florida; and from the Pottsville sandstones of parts of 
Kentucky, Tennessee, Georgia and Alabama. Modal vectors are shown to be more useful, in certain 
instances, for paleogeographic purposes, than vector sums. Pottsville cross-bedding data appear to be 
essentially tri-modal, with the three modes at right angles to each other. The “minimum direction” 
is approximately the direction toward the Appalachian sourceland. Asymmetry of the data indicate 
that littoral currents flowed more readily toward the south than toward the north. A measure of disper- 
sion (n/R) for modal vectors is used to produce a crude map of Pottsville regional slope in northeast- 


ern Alabama. 


INTRODUCTION 


Operational procedures, for manipulating 
vector data, have been described in several 
papers (Greenwood and Durand, 1955; 
Pincus, 1953; Chayes, 1954; Lowell, 1955; 
Tanner, 1955; Curray, 1956; Pincus, 1956; 
Potter and Siever, 1956; Niehoff, 1958; 
Wurster, 1958). Some of these papers also 
discuss interpretation. 

The present note contains directional 
data for three channel sands (the Doe Creek 
and Verden sandstones of Oklahoma, and 
the Pulaski channel filling of Tennessee); 
a Pleistocene shoreline deposit (the Miami 
calcarenite of Florida); and Pottsville sand- 
stones of the Southern Appalachian moun- 
tains. The measurements have been ob- 
tained over a period of about five years, in 
conjunction with a variety of other field 
projects. The data are handled as suggested 
in a previous paper (Tanner, 1955). Greater 
use is made of vector sums, however, and 
particularly of modal vectors. 

Modal vectors may be obtained by com- 
bining all of the field measurements which 
make up a single mode on a rose diagram or 
compass diagram. They are superior to 
vector sums, in many instances, because 
they permit the separation of significant 
components. For example, vector data 
from an estuary might give an easterly di- 
rection, whereas sands in a nearby beach or 
marine bar might yield a southerly direction. 
A vector sum of the two is not nearly as in- 
teresting as the individual directions. Ex- 


1 Manuscript received December 12, 1958. 


amples of the polymodal nature of cross- 
bedding data are given in previous papers 
(Tanner, 1955; Tanner, 1956). 

Separation of modes is, in many cases, 
possible by refiguring class populations to 
percentages, and plotting on arithmetic 
probability paper (Tanner, 1958). The de- 
tails of calculation of vectors are given by 
Greenwood and Durand (1955). The last- 
named reference also provides instructions 
for developing 7/R, an important measure 
of scatter, or dispersion. For this parameter, 
n is the number of measurements, and R is 
the length of the vector sum. The inverted 
form (rather than R/n) is used so that 
limited scatter will be represented by small 
numbers, slightly above but close to unity, 
rather than large numbers. This will be 
shown below. 

It should be re-emphasized here that the 
use of modes and vectors is based on an im- 
portant facet of orientation data: circular 
statistics cannot be handled by the ordinary 
methods which are quite adequate for linear 
data. This fact has been made clear in 
several of the papers cited in the first para- 
graph. 


MIAMI FORMATION 


The Miami odlite exhibits clear cross- 
bedding in wave-cut cliffs and canal walls 
in the vicinity of Miami, Florida. The for- 
mation is Pleistocene in age. There is no 
doubt that the shoreline, during Miami 
time, was essentially parallel with the 
present shoreline in the same area (Mac- 


Neil, 1949). The data for Miami cross- 
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ATLANTIC 
OCEAN 


N/R=2.28 


MIAMI OOLITE 


Fic. 1.—Cross-bedding data from three locali- 
ties in the Miami oélite, near Miami, Florida, 
shown on compass diagrams and as vectors. Vec- 
tor sums of total data (4 +B; A+B+C) do not 
match the geography nearly as well as modal vec- 
tors (A; B; C). Numbers given by each compass 
represent sample total, mean, and 
deviation. 


standard 


bedding are given in figure 1. Whether 
vectors or modes are determined, there are 
two primary directions, one of which paral- 
lels the shore, and one of which is at right 
angles to it. 

It is clear that two modes only do not 
permit an interpretation as to 
which. 


lower 


which is 
Littoral transportation along the 


east coast of Florida is dominantly 


southward today. The same was probably 
true in the Pleistocene; not a single measure- 
ment was obtained in the arc, zero-to-45 
degrees. 

It is also obvious that modal analysis is 
superior to vectors which are derived from 
the entire population (i.e, A+, or 


A+B+(C, in fig. 1). 


VERDEN SANDSTONE 


The Verden Sandstone is restricted to a 
long, narrow channel crossing the northern 
side of the Anadarko Basin of Oklahoma 
(Evans, 1949). It is Permian in age. Figure 
2 shows the field measurements obtained. 
There can be no question about the direc- 
tion of transport. The shoreline at that time, 
obtained from other data, was roughly at 
right angles to the channel. 
ding, 


The cross-bed- 
as represented by the arrow (i.e., 
vector) in the figure, doses not duplicate 
precisely the channel Girection. 


DOE CREEK SANDSTONE 


The Doe Creek, like the Verden, 
as a long, narrow sandstone member in 
western Oklahoma (fig. 2). It crosses the 
present strike of Permian rocks exposed in 
the same area, and therefore it may have 
been thought that it crosses the shoreline as 
does the Verden. The picture for the Doe 
Creek is, however, not nearly so clear. Much 


occurs 
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Cross-bedding data for the Verden and Doe Creek channel sandstones of western Okla- 


homa. On each compass is shown the vector sum (arrow) and the channel trend. In neither case do 
modes or vectors agree precisely with channel trend. 
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evidence (Tanner, 1954; Raasch, 1946) in- 
dicates that the trend of the Doe Creek may 
have ben nearly parallel with the shoreline. 
The direction of transport is quite clear; 
this is a direction away from the present 
Anadarko Basin. The direction obtained by 
vector summation (arrow, in figure 2) is 30 
or 35 degrees off of the trend, and more 
nearly at right angles with the 
Permian shoreline of the area. 


inferred 


PULASKI CHANNEL 


The Pulaski channel (fig. 3), of Ordovi- 
cian age, is located in south central Ten- 
nessee. It has been described in detail by 
Wilson (1948). Field measurements made 
by the present author are also shown in 
figure 3. There is a suggestion, in the original 
data, of two modes, which can be separated 
by recomputing the class populations to 
percentages and plotting on probability 
paper. Simple modal analysis, however, and 
vector summation reveal a single important 
direction of transport, not far from 
direction taken by the channel. 

Wilson discusses reason for thinking that 
the channel was cut at one time, probably 
by a river, and filled at a later date, pos- 
sibly by sea-floor sand. Submarine trans- 
portation may account for the faint bi- 
modality. 

The mode (and the vector sum, to a lesser 
degree) deviates from the channel trend. 
This is perhaps due to the fact that at the 
sample locality, the channel bends so that 
it is convex to the south. If the filling were 
of marine origin, however, there is no need 
to require that the cross-bedding match a 
river-flow pattern. 


the 


POTTSVILLE SANDSTONES 


The Pottsville Group is composed of 
sandstones and shales of early Pennsyl- 
vanian age. Outcrops in Alabama, Georgia, 
Tennessee and Kentucky were studied (fig. 
3, shaded areas). Six localities in the 
Tennessee-Kentucky area yielded relatively 
large numbers of measurements: near Mid- 
dlesboro, Kentucky (32 measurements), 
near Morely, (24), and near 
LaFollette, Tennessee (24). In addition, 
eight localities were sampled in extreme 
northwestern Georgia, and 17 localities in 
northeastern The 


Tennessee 


and central Alabama. 
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Fic. 3.—Map of parts of seven southeastern 
states, showing the location of the Pulaski chan- 
nel in Tennessee and areas from which Pottsville 
cross-bedding data were obtained. The inset 
shows, for Pulaski data, the vector sum (solid 
arrow), a modal vector for a faint secondary 
mode (dotted arrow), and the channel trend. 


locations of the 25 localities in Georgia and 
Alabama are given in figure 4, along with a 
summary of the modal analyses. 

Vector sums representing the significant 
modes are presented in figure 5. Vector sums 
calculated, without recourse to modal 
analysis, were not used, for reasons illus- 
trated by the Miami calcarenite data (fig. 1). 

The northern area (Kentucky and Ten- 
nessee) differs considerably from the south- 
ern. The summary of individual measure- 
ments (compass, fig. 5) shows a single 
preferred direction (south-south-west oc- 
tant) and a secondary mode of doubtful 
significance (east-south-east octant). From 
this compass, however, no clear-cut con- 
clusions can be drawn, other than the chief 
direction of transport. Individual com- 
passes from the sample localities are much 
clearer, but the diagram of modal vectors 
(fig. 5) is clearer still. 

The southern area (Alabama and Geor- 
gia) contains two patterns, A and B, which 
can be seen on the compasses (fig. 4) or the 
modal vector diagrams (fig. 5). If these two 
sets of data are combined, without weight- 
ing, two significant modes appear: west- 


north-west and _ south-south-west. Since 
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Fic. 4.—Pottsville cross-bedding measure- 


ments in Alabama and Georgia yielded three 
typical patterns, of which A is by far the most 


common. The locations of compasses of these 
types are shown by the capital letters on the 
map. For example, the B pattern southeast of 
Birmingham is tri-modal, just like the total B 
pattern shown. 


they are at right angles, a shoreline inter- 
pretation, such as that made in figure 1, is 
suggested, but no firm conclusion can be 
drawn as to the orientation of the shoreline. 
If these two sets of data are combined, with 
B given the same weight as A, only a single 
octant is significantly high: west-north- 
west. In both combinations, the northeast 
quadrant is significantly low. 

Calculation of modes, and modal vectors, 
at each sample locality, yields compass pat- 
terns identical (or nearly so) with those in 
figure 4, and the vectors in figure 5. The A’ 
component is separated for convenience, 
since it offers a reasonable complement to 
A. 

A pattern of down-slope and _ littoral 
transportation emerges, with the shoreline 
oriented north-north-east, south-south-west, 
and the source-land to the east. Further, 
since the northeast octants are low, the net 


littoral motion may have been toward the 
south. 

The B pattern provides a complication. It 
is possible that the shoreline was indented 
or crenulate; or the sand represented by B 
may have been deposited during a temporal 
or spatial change in shore-line orientation, 
or by currents which did not move directly 
down slope. 

The modal vectors which represent the 
two patterns (A and B) possess length as 
well as direction. The length may be ex- 
pressed as n/R, following Greenwood and 
Durand (1955). This value has been plotted, 
for each sample site where a west-north-west 
mode was obtained, in figure 6. The values 
so plotted (shown as arrows, northeast of 
Birmingham) have been used as the basis 





ALABAMA AND NORTHWESTERN 
GEORGIA 


6 


TENNESSEE AND 
KENTUCKY 


Fic. 5.—Modal vectors for Pottsville cross- 
bedding, for all areas worked, and compass data 
for the Tennessee-Kentucky area. Each line is a 
vector, with length equal to n/R, representing a 
significant mode and its adjacent measurements. 
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for a system of isopleths, or form lines, which 
parallel modal vectors obtained from the 
south-south-west and north-north-east oc- 
tants. 

Che value, 2/R, is a measure of the con- 
centration of directions. Low numerical 
values, approaching unity as a lower limit, 
indicate a very narrow arc over which the 
directions are spread; high values, such as 
2.0, indicate a much wider arc (that is, much 
more scatter). This parameter, therefore, 
serves for circular data in much the same 
way as the variance or standard deviation 
does for linear computations. Table 1 lists 
approximate values for n/R interpreted in 
terms of degrees of arc, based on the as- 
sumption that the measurements involved 
are uniformly distributed within the arc 
given. 

The value, »/R, measures the consistency 
with which the transporting agency main- 
tained a single direction, with unity indicat- 
ing very high consistency. For this reason, 
n/R approximates the slope of the energy 
gradient over which the sand were moved. 
The important components in this gradient 
are bottom slope, current direction, and 
wave direction. For modal vectors which lie 





BIRMINGHAM 


Fic. 6.—Isopleth map of the value, /R, for 
selected modal vectors in the Georgia-Alabama 
area. Solid lines northeast of Birmingham repre- 


sent pattern A; dotted lines northeast and solid 
lines southeast of Birmingham, pattern B. 
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TABLE 1.—A pproximate values of n/R for various 
arcs. (The assumption is made that the 
measurements are uniformly distributed 

within the arc given.) 

n/R 

1.30 

140 

.40 

45 

50 

.60 


n/R 


are 
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at right angles to the inferred littoral drift, 
the most important component is slope. 
The value, n/R, is, therefore, a rough in- 
dicator (for certain modal vectors) of the 
regional sope. 

Figure 6 shows what is inferred to be such 
a slope. The isopleths are, at all points, 
spaced according to n/R, and drawn par- 
allel to littoral-drift vectors. They can be 
interpreted in terms of direction of slope, 
and relative amount of slope, with the 
reservation that wave and current devia- 
tions, although probably not great, are 
nevertheless not known. 

The A pattern in figure 6 (solid lines 
northeast of Birmingham) is, roughly, what 
one would expect from the known paleo- 
geography. The B pattern (dotted lines 
northeast of Birmingham, and solid lines 
southeast of Birmingham) may represent: 

1. Irregularities in the shoreline. 

2. Temporary changes in shoreline orien- 

tation. 

3. Spatial changes in shoreline orienta- 
tion. 

4. Deposition by currents which did not 
flow directly down slope. 


Because the A pattern is, numerically, so 
much more common than the B pattern, it 
is thought that the A orientation yields the 
best approximation to the average shoreline 
orientation of early Lee time. 

A preliminary study of the Pottsville 
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sandstone data, using vector sums rather satisfactory. It is important that error of 
than modal vectors, had the effect of com- this type (masking modal patterns by use 
bining patterns A and B, thus yielding of a measure of central tendency) be 
north-south isopleths. The present analysis, recognized and avoided (Niehoff, 1958; 
using modal vectors, appears to be more Wurster, 1958). 
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ABSTRACT 


A feldspar staining technique, based upon the method described by Gabriel and Cox, was tested for 
accuracy and reliability by using both artificial mixtures of quartz and feldspar, and natural sands. 
The sand grains are mounted on a glass slide, exposed to the fumes of hydrofluoric acid for 15 minutes, 
treated with a concentrated solution of sodium cobaltinitrite for 2 minutes, rinsed, and dried. This 
reaction forms a yellow coating on the potash feldspars, a white coating on the soda-lime feldspars. 
and the quartz is not affected. For greater accuracy, the sample may then be treated for a few minutes 
with a 0.5 percent solution of eosine ‘‘B.” This will stain the soda-lime feldspars pink and the potash 
feldspars orange-yellow. 

Tests on 70 slides of artificial mixtures of quartz and feldspar show that the method is accurate 
to plus or minus 5 percent. Percentages determined by multiple tests on natural sands show good agree- 


ment, usually to within 5 percent. 


INTRODUCTION 


The determination of the quartz-feldspar 
ratio of clastic sediments by ordinary opti- 
cal methods is a lengthy, tedious process 
which tends to discourage the study of a 
large volume of samples. Too often this ratio 
is estimated on the basis of a cursory exami- 
nation under a binocular microscope or 


hand lens. 

Staining is a rapid and reliable method 
for distinguishing quartz from feldspar. 
Gabriel and Cox (1929) describe a method 
whereby the disaggregated sample is ex- 
posed to the fumes of hydrofluoric acid, 
treated with a concentrated solution of 
sodium cobaltinitrite, rinsed, and dried. 
This reaction forms a yellow coating of 
potassium cobaltinitrite on the potash feld- 
spars, and a white coating on the soda- 
lime feldspars. Quartz is not affected. To 
more readily identify the soda-lime feld- 
spars, the sample may be treated with eo- 
sine ‘“‘B,” a water-soluble organic dye. The 
white coating on the soda-lime feldspars 
absorbs the dye and becomes pink, the 
potash feldspars change from yellow to 
orange-yellow, and the quartz remains clear. 
To expose the sample to the fumes of hydro- 
fluoric acid, Gabriel and Cox used a rather 
cumbersome lead box. No indication of the 
probable accuracy or reliability of the 
method was given. 

Russell (1935) in his 


used two slides 


1 Manuscript received December 22, 1958. 


method; one to determine, by staining, the 
percentage of quartz and total feldspar, and 
the other to subdivide the feldspars by 
optical methods. In his staining technique, 
he mounted a representative sample on a 
glass slide so that the upper surfaces of the 
grains were exposed, applied hydrofluoric 
acid directly to the grains for about one 
minute, and then carefully rinsed the slide. 
The grains were then treated for about five 
minutes with a water-soluble organic dye, 
such as malachite green, and again gently 
rinsed. The feldspars absorbed the dye 
whereas the quartz was unaffected. Russell 
stated that the reproducibility of the 
method was within 3 percent. Many of the 
well-known texts of sedimentary petrog- 
raphy suggest this method. (Krumbein 
and Pettijohn 1938, p. 495-496; Twenhofel 
and Tyler 1941, p. 131; and Pettijohn 1957, 
p. 124.) 

Willman (1942) in his studies of the 
feldspar content of sands in Illinois used a 
variation of Gabriel and Cox’s method. He 
applied the acid directly to the grains, as 
suggested by Russell. Chayes (1952) out- 
lined an application of Gabriel and Cox’s 
method of the study of thin-sections and 
recommended the use of a plastic or poly- 
ethylene fume box. 

A recent application of Russell’s method 
in a petrographic study of some Paleozoic 
formations of central Colorado showed poor 
reproducibility. A check of the procedure 
showed that the final rinsing after the 
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treatment with malachite green was the 
critical point. If the slides were rinsed 
sufficiently to remove the dye from the 
quartz, much of the dye was also removed 
from the feldspar. As a check, eight grad- 
uate students, using Russell’s method, 
tested samples collected from three forma- 
tions. For the Cretaceous Fox Hills Sand- 
stone the quartz percentages varied from 
20 to 88 percent, for a sandstone in the 
Pennsylvanian Maroon Formation it varied 
from 41 to 94 percent, and in the Jurassic 
Garo Sandstone it varied from 83 to 100 
percent. 

Considerable time was spent by the 
writers in an attempt to improve Rus- 
sell’s method. Exposure times to hydro- 
fluoric acid and dyes were varied, different 
organic dyes were used, and various methods 
of rinsing tried. No combinations that were 
tried gave consistent results. Continued 
testing indicated that consistent results 
were obtained by using the basic principles 
given by Gabriel and Cox (1929). The yel- 
low coating on the potash feldspars and the 
white coating on the soda-lime feldspars are 
quite stable and relatively insensitive to 
rinsing. 


STAINING PROCEDURE 


A suggested staining procedure, based on 
the method of Gabriel and Cox (1929) 
follows: 

Sample preparation: The sample is dis- 
aggregated. If the grains are coated with 
iron oxide, they are cleaned in an ultra- 
sonic cleaner or with hydrochloric acid and 
stannous chloride. A mechanical analysis is 
made, and one or more size fractions 
selected for staining. Heavy minerals are 
removed and the “‘light’’ fraction is washed 
with alcohol and dried. Using a micro-split, 
a sample of about 500 to 1000 grains is split 
out of the “‘light’’ fraction. A glass slide is 
heated, lightly coated with Lakeside #70, 
and excess cement is scraped off with a knife 
blade. The grains are sprinkled evenly on 
the slide, and the slide is allowed to cool. 
One of the most common errors in mounting 


is the use of too much cement. The upper 
surface of the grains should project above 
the cement. If too much cement is used the 
grains will be covered, thus preventing the 
reagents from acting on the grains. Another 
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method of mounting the grains is given by 
Russell (1935). After the slide has been 
given a thin coating of cement, it is allowed 
to cool until the cement hardens. The 
grains are sprinkled on the cement, the slide 
warmed to permit the grains to sink in 
slightly, then allowed to cool. 

Staining: A plastic or polyethylene box 
is used to expose the grains to the hydro- 
fluoric acid. The box, equipped with a 
tightly fitting cover, should be provided 
with plastic bars to hold the slides about 
1 inch above the acid in the bottom of the 
box. In the present experiments a sandwich 
box, about 4 inches square and 1 inch deep, 
purchased at the local variety store, ac- 
commodated 4 slides. Plastic soap boxes or 
covered butter dishes could also be used. A 
grill, in this case an open plastic soap stand, 
is placed in the box above the level of the 
acid. The slides are placed on this grill, 
the cover replaced, and the slides exposed 
to the fumes for 10 to 15 minutes. 

After exposure to the fumes, the slide is 
removed, placed grain side up in a shallow 
dish, and a concentrated solution of sodium 
cobaltinitrite is applied by dropper until 
the slide is completely covered. After about 
two minutes, the sodium cobaltinitrite is 
rinsed under a gently flowing water tap. 
The slide is then dried under an infra-red 
lamp and is ready to count. Mixed in small 
quantities to insure freshness, the concen- 
trated solution of sodium cobaltinitrite is 
prepared by adding about 5 grams of the 
powdered sodium cobaltinitrite to 10 ml of 
warm water and cooled to room tempera- 
ture. As a precautionary measure, a loosely 
fitting glass stopper is recommended for the 
storage bottle, as a build-up of pressure in 
a tightly stoppered bottle may produce 
highly colorful but disastrous results on the 
walls of the laboratory. 

Counting: Any type of microscope may be 
used in counting; the authors prefer a 
petrographic microscope equipped with a 
mechanical stage and with provision for 
both reflected and transmitted light. A count 
is made of 300 to 500 grains, separating the 
grains into three groups—quartz, potash 
feldspar, and soda-lime feldspar. The potash 
feldspars will have a yellow coating, the 
soda-lime feldspars will have a_ white 
powdery coating, and the quartz will be 
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TABLE 1.— idence mixtures, percent by weight 


Mixture Quartz | ‘aioe, 


| Potash Feldspars 
| 
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clase Total 
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ite ite 


Albite 





40 
10 
15 
| 40 


| 20 


40 
5 


| Ortho- | 
pes 
| 
| 


30 


clear. 
ratio 


A check of the quartz-total feldspar 
may be made by treating the slide 
with 0.5 percent solution of eosine ‘‘B” for 
about three minutes, then rinsing and dry- 
ing. The soda-lime grains will now be pink, 
the white powder having absorbed the dye; 
the potash feldspars will be orange-yellow, 
and the quartz will remain clear. This pro- 
cedure makes the feldspar grains stand out 
and aids in counting; 
necessary, 


but it is not always 
expecially after some experience 
is gained in counting the grains. In particu- 
larly fine-grained material, the eosine ‘‘B”’ 
staining greatly facilitates the counting. 


TESTS OF METHOD 


In order to determine the reliability and 
accuracy of the method, a series of tests was 
made on both artificial mixtures and natural 
sands. 

Artificial mixtures: Ten mixtures of 
variable weight percentages of quartz, 
potash feldspar, and soda-lime feldspar were 
prepared (table 1). N. C. Schieltz, Metal- 


os 
- 
| 


| 
5 | 


| 
| 
a | 
15 | 
@ | 3 ‘ 


lurgy Department, Colorado School of 
mines, later checked the minerals by X-ray 
diffraction and R. M. Hutchinson, Geology 
Department, Colorado School of Mines, 
checked some of the minerals petrographi- 
cally. 

The crushed minerals were passed through 
screens, and the sizes corresponding to 
medium and fine-grained sand were used. 
Seven slides were prepared from each mix- 
ture and stained as outlined above. The 
percentages of quartz, potash feldspar, and 
soda-lime feldspar determined are given in 
table 2. In most cases the percentage of 
quartz was checked by making a second 
count after staining with eosine ‘‘B.”’ 

Natural sands: To test the procedure on 
natural sands, samples were collected from 
the Cretaceous Fox Hills Sandstone, Per- 
mian Lyons Sandstone, and Pennsylvanian 
Fountain arkose. Five slides were prepared 
from each and percentages were determined. 
The results are shown in table 3. Campos 
(1958), in a study of local stream sands, 





TABLE 2.—Stain test results, artificial mixtures 


Quartz 
Y : by 
| weight 
| in 
mixture 


| 
| 
« 


% by staining in 


| 58,60, 65, 62,52,67,65 
88, 73, 85, 79, 79, 75, 85 
76, 82, 71, 79, 75, 73, 80 
| 3,4,0,0,0,0,3 
| 53, 46, 57,51, 48, 48, 39 
| 55, 46, 55, 55, 47, 49, 53 
| 100, 100, 100, 100, 108 100, 100 || 
| 34, 29, 33, 36, 38, 36, 35 
17, 17, 17, 18, 23, 14, 16 
26, 28, 25, 21, 30, 28, 28 
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10 
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40 
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20 
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60 
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50 
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“Potash Feldspar 
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wale | 


mixture | 


| 40, 36, 34, 39, = 40, 37 


| 23,38, 


“Soda- Lime F Feldspar 


% - by 
weight 
in 
mixture 


% by staining % by staining 


30, 31, 24, 22, 26 0 

10, 14,7, 11,12, 11,6 5 

19, 9, 14, 12, 12, 10, 11 
0 


| 19,9,5,7, 24, 11,9 

2, 13,8, 10,9, 14,9 
5,9, 15, 9, 13, 17,9 

57, 60, 66, 61, 62, 60, 60 
47,54, 38, 44,52, 52,39 
28, 34, 26, 29, 33, 39, 38 
0,0,0,0,2,0,0 

21,19, 14, 21, 13, 11,8 
59, 54, 42, 40, 54, 58, 61 
26, 28, 29, 33, 32, 34, 29 


0,0,.S, 5, 0,9, \| 
17, 20, 19, 16, 2, 12,9 || 
0,0,0,0,0, 0, 1 
35. 52: $3.43, 49, 53, 57 || 
24, 29, 41, 42, 23, 28, 23 || 
48) 44; 46, 46, 38, 38, 43 
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Fic. 1.—Deviation of percentages by staining from the weight percentages in the artificial mixtures. 
Note that deviations are uniformly distributed in quartz, but that staining tended to give low values 
for potash feldspars and high values for soda-lime feldspars. This is especially true for mixtures 1 and 
8 and is believed due to perthitic nature of microcline used in the mixtures. 
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TABLE 3.—Stain test results, natural sands 





Formation | % Quartz 








h Feldspar |% Soda-lime Feldspar 


| % Potad 





Fox Hills (Cretaceous) | 
Fountain (Pennsylvanian) — | 
Lyons (Permian) | 


51, 50, 49, 50, 47 
44, 42, 42, 41, 47 
88, 88, 81, 86, 86 


0,1 
2, 
5 


1 0, 11, 11, 10 
| 52, 56, 55, 54, 50 47:3: 5% 
3 6, 5,6 


| 39, 40, 40, 39, 43 
| 9,7,13,9,8 





used the procedure to determine the 
quartz-feldspar ratio. In three instances he 
prepared a second slide to check his first 
determinations, which appeared abnormal. 
In one instance a second sample from 50 feet 
downstream from the first was collected and 
analyzed. The results of his check deter- 
minations are shown in table 4. 
Conclusions drawn from tests: The results 
of the tests on the artificial mixtures indi- 
cate that the staining procedure is simple 
and efficient. The chart shown in figure 1 
expresses the deviations from the expected 
percentages. In the quartz determinations, 
54 of the 70 slides, or 77 percent, gave a 
deviation of 5 percent or less, only 2 slides 
deviated more than 10 percent. The average 
deviation for quartz was 3.2 percent. The 
potash feldspar determinations show 43 of 
70 slides, or 61 percent, with a deviation of 
5 percent or less; 13 deviations were greater 
than 10 percent. The results of the soda- 
lime determinations are similar to that of 
the potash feldspars with 43 of 70 slides, or 
61 percent, having a deviation of 5 percent 
or less; and in 12 slides the error was greater 
than 10 percent. The average deviation was 


TABLE 4.—Recent stream sands, stain tests 
(Carlos Campos, analyst) 
| ‘ ; 
| | eeu 
Potash | Soda-lime 
Feldspar| Feldspars 


Samples 
| 


re 
c 
Quartz 


Clear Creek 
is 


| 39 


17 44 
38 17 


45 
| 


‘+ |) 4 tose 
44 | 


| 
Mount Vernon | 
Creek | 
MVc 2 | 
MVc 2-A | 
MVc 2-B (50’ 


downstream)} 





5.3 percent for the potash feldspars and 5.4 
percent for the soda-lime feldspars. In 
general, the staining results were low for 
the potash feldspars and high for the soda- 
lime feldspars. Two of the mixtures, num- 
bers 1 and 8, gave consistently poor results 
in feldspar determinations. Both mixtures 
contained 40 percent microcline, and a 
check of this microcline by R. M. Hutchin- 
son showed it to be perthitic, with an ap- 
preciable amount of albite present. If the 
results of these two mixtures are not con- 
sidered, the average deviation from the 
expected percentage of potash feldspar is 
reduced to 3.7 percent and 4.4 percent for 
the soda-lime feldspars. 

Krumbein and Rasmussen (1941), in a 
study of the probable errors in heavy 
mineral analyses, give a laboratory error 
for splitting, mounting, and counting of 
10.5+2.0 percent. The same procedures 
were used in preparing the slides in this 
study, and the results indicate that the 
errors are of the same magnitude that 
should be expected in the laboratory pro- 
cedure. The authors believe that the method 
should give consistent results with an ac- 
curacy of plus or minus 5 percent; and that, 
in general, the quartz-total feldspar ratio 
should be the most reliable. 

In the test conducted on natural sands, 
the reproducibility is slightly better than in 
the artificial mixtures. This may be due toa 
more thorough mixing than that accom- 
plished in the artificial mixtures. 


SUMMARY 


The staining procedure first described by 
Gabriel and Cox (1929) is a simple and 
efficient method for determining quartz- 
feldspar ratios in sandstones. The procedure 
is relatively fast, and laboratory procedure 
is not critical: the coatings formed on the 
feldspars are stable and not overly sensitive 
to rinsing. Tests indicate the method is at 
least as accurate as heavy mineral analyses 
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and, in general, should give an accuracy of 
plus or minus 5 percent. 
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THE PHOTO-EXTINCTION METHOD FOR THE MEASUREMENT 
OF SILT-SIZED PARTICLES’ 
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Harvard University, Cambridge, Massachusetts 


ABSTRACT 


The photo-extinction method for small particle analysis depends on the absorption of light by silt- 


size particles in suspension. 


The rate of change of absorption i in a sedimentation cell is related by 


Stokes’ law to the particle diameter. By the use of graphical integration, continuous size distribution 
curves were constructed for samples of silt, loess, and volcanic ash. In order to compare the photo- 
extinction method with the more familiar pipette, hydrometer, and microscope methods, samples of the 
loess were analyzed using the four techniques. Results obtained with the photo-extinction method are 
reproducible, compare favorably with data obtained by use of the standard microscope method, and 
are superior to results obtained by either the pipette or hydrometer method. 





INTRODUCTION 


The study of detrital sediments is based 
on the analysis of the properties of the parti- 
cles. One of the most significant of these 
properties is particle size. Particles larger 
than js mm are generally analyzed with 
sieves while smaller ones are best measured 
by some indirect means such as subsida- 


tion or elutriation (Twenhofel and Tyler, 
1941, p. 46). For many studies the more im- 
portant sizes are those above the upper 


limit for the clay-size particles, that is, 
above 1/256 mm (Twenhofel and Tyler, 
1941, p. 63). The range of silt-sized particles 
therefore constitutes an important part of 
the particle size analysis, but these particles 
are in general measured by indirect means 
which do not necessarily correlate with di- 
rect methods. 

The history of the older methods of 
particle size analysis was reviewed by 
Krumbein (1932a), but since 1933, and ex- 
pecially during the past ten years, a new 
method for the determination of silt-sized 
particles has appeared which offers many 
distinct advantages. This method, termed 
the photo-extinction method, was _ intro- 
duced by Wagner (1933) for use in the 
measurement of silt-sized cement particles. 
This method offered so many possibilities 
that considerable research effort was spent 


1 A portion of a thesis submitted to Southern 
Methodist University in partial fulfillment of the 
requirements for the degree of Master of Science. 
Manuscript received November 26, 1958. 


upon it in England where it was subse- 
quently developed on a sound mathematical 
and experimental basis by Rose (in 1953). 
One of the most attractive features of the 
photo-extinction technique, is that record- 
ing equipment may be utilized with it. 

It is proposed to first outline the theory 
of the photo-extinction method, and then 
to discuss data gathered using the hydrom- 
eter, the pipette, and the photo-extinction 
methods in comparison with data from di- 
rect measurements made with the micro- 
scope. It is the purpose of this paper to 
show that the photo-extinction method 
offers geologists engaged in measuring the 
size distribution of silt-sized particles cer- 
tain distinct advantages over other methods 
in current use. Therefore, the discussion is 
limited to silt-sized particles or, more pre- 
cisely, to those particles whose nominal 
diameters lie between 2 and 60 microns. 

For the sake of brevity the photo-extinc- 
tion method is referred to as the PE 
method. 

THEORY 


General.—In theory, at least, the most 
direct means of obtaining a particle size 
distribution is by actually measuring the 
individual grains under a microscope with 
the use of a calibrated scale. This method 
has become the absolute reference standard 
for checking other methods (Herdan, 1953, 
p. 436), and in 1933 it was adopted as a 
tentative test method by the American 
Society for Testing Materials (1944). How- 
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ever, the microscope method has certain 
disadvantages. Aside from the obvious fact 
that this method is most time consuming 
and quite tedious, there are certain intrinsic 
sources of error that should be considered. 

Since only a very small portion of the 
material is actually measured, it is ex- 
tremely important to obtain a representa- 
tive sample. This involves selecting a 
portion of the material, dispersing it, and 
then mounting it on a microscope slide. The 
selection may be made on the basis of ran- 
dom samples if the different sizes of the 
material are mixed uniformly, or it may be 
accomplished by use of a microsplitter. The 
individual particles must then be separated, 
usually with the aid of some form of dis- 
persing agent. Dispersing agents now in use 
include xylol and balsam, turpentine, etha- 
nol, sodium silicate, gum arabic (Schweyer 
and Work, 1941, p. 3), dilute acids, strong 
alkalies, and such dilute electrolytes as am- 
monium hydroxide and sodium oxalate 
(Krumbein and Pettijohn, 1938, p. 56). 
Obviously, the sample must be adequately 
dispersed on the slide if representative re- 
sults are to be obtained. In mounting, it is 
necessary that the mounting medium have 
an index of refraction that differs sufficiently 
from that of the material to insure good 
optical contrast. Vagueness of the grain 
boundaries introduces unnecessary uncer- 
tainties in the results. 

It is important to recognize that the 
counting technique employed in the micro- 
scope method leads to a numerical frequency 
distribution in contrast to the weight fre- 
quency distribution obtained by sedimenta- 
tion methods. That is, data are obtained 
which show that for a total of 1000 particles, 
for example, there are 40 particles which 
have ‘‘diameters” between 2 and 4 microns, 
50 between 4 and 6 microns, etc. These 
quantities reflect the size distribution on a 
number basis only. The number distribu- 
tion, however, may be converted to a weight 
distribution by multiplying the number, 
Nn, in each class interval by the factor: 

D,d,3 
N ce (1) 
D NnDndn? 
n=0 
where D, is the specific gravity and d, is 
the mean diameter for the given interval. In 
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practice, the average specific gravity of the 
various class intervals is assumed constant 
because the material has previously been 
subjected to heavy medium separation and 
the particles thereby essentially separated 
on the basis of density. In (1) then, the 


D,’s may be cancelled and the expression 
becomes 


(2) 


It is noted that when the weight distribu- 
tion is the principal requirement of a micro- 
scopic analysis, a rather serious condition is 
imposed. The larger particles contribute far 
more toward the distribution than the 
smaller ones. Consider a 2 micron particle 
and a 50 micron particle with the same 
specific gravity. The larger particle will 
weigh 15,625 times as much as the smaller 
one. Hence the accidental omission of one 
of the larger particles in counting (a few 
thousand particles) will lead to a far larger 
error in the results than the omission of a 
much larger number of smaller particles. 
Payne (1948, p. 8), who was interested in 
the 0-100 micron range, points out that for 
each 100-micron particle counted, one 
should be prepared to count a million 1- 
micron particles. This observation poses a 
serious restriction on the microscope method 
for general use. 

However, with a standardized technique 
such as the A.S.T.M. method, the micro- 
scope method serves quite well as a refer- 
ence. It is proposed in this paper to use 
results obtained by the microscope method 
as the standard of comparison for the hy- 
drometer, the pipette and the PE methods. It 
is necessary to adopt some definition of the 
“diameter” to be used for a given particle. 
Many concepts of diameter for irregularly 
shaped particles have been proposed. The 
one selected for this study is Martin’s 
statistical diameter (Herdan, 1953, p. 66), 
which is defined as the length of the line 
which when intercepted by the particle 
boundaries bisects the projected area of the 
particle. This line is always taken parallel 
to some arbitrary fixed direction (in prac- 
tice, parallel to the scale of the microscope) 
and is independent of the orientation of the 
particle (fig. 1). This device effectively re- 
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Fic. 1.—Martin’s diameter. 4;= Az. 


moves any operator bias in choosing a direc- 
tion to bisect the particle profile. Martin's 
diameter is a consistent estimator of the 
projected area of the particles (See, for 
example, Chayes, 1956, chapter 1), and if 
the particles are essentially three-dimen- 
sional, the cube of this diameter will then 
be an estimator of the volume. However, if 
the particles approach a_ two-dimensional 
shape, that is, if they each possess two 
dimensions which are, in general, much 
larger than the third, then the short dimen- 
sion in the most stable equilibrium position 
will be normal to the microscope stage, and 
hence Martin’s diameter squared will more 
nearly represent the true volume. This con- 
dition existed in one of the materials used 
for the illustration of the PE method in this 
work and the size frequency distribution 
was converted to a weight frequency dis- 
tribution by the factor 


dy? 
ee: eer (3) 


N 
p 2 Nid? 


n=0 


Presumably, the weighting factor for a 
one-dimensional particle, i.e., one with two 
dimensions which are each much smaller 
than the third, should be 


(4) 
n=0 


Many equivalent forms of Stokes’ law 
are found in the literature. The one most 
useful for direct calculation of diameter is, 


i 18nh a2 (5) 
: (Ds—Dm) gt | 
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where: 


d, =Stokes’ diameter, 
n=viscosity of the medium, 
h=sedimentation height, 
D,=density of the particles, 
D,, =density of the medium, 
g=acceleration due to gravity, and 
t=sedimentation time. 


Discussions of the validity of Stokes’ law 
are rather numerous (for example, Krum- 
bein and Pettijohn, 1938, p. 96), but it will 
suffice here to point out that Stokes’ law 
holds over the 2 to 60 micron range for 
most particles of geological significance. 

The pipette method was introduced by 
Krumbein in 1932 (Krumbein, 1932b) and 
subsequently became the working standard 
for the geological profession in the measure- 
ment of fine grained particles. This method 
possesses the attractive qualities of being 
mathematically sound, relatively simple, 
and requiring little in the way of apparatus. 
On the other hand, it has disadvantages, as 
follow: (1), considerable experience in the 
method is required to achieve satisfactory 
results; (2), a limited resolution of data is 
obtained; and, (3), the use of automatic 
continuous recording is precluded. 

The hydrometer method as developed by 
Bouyoucos (1927) for the study of soils also 
suffers from inherent difficulties. One diffi- 
culty is that the hydrometer bulb is fairly 
large in relation to the desired sampling 
interval. Ideally, the interval sampled 
should be infinitesimal, but the hydrometer 
measures the integrated specific gravity over 
an interval of a few inches. Another diffi- 
culty arises with the insertion of the hydrom- 
eter which obviously disturbs the suspen- 
sion and changes the settling times of the 
particles. Of course, the hydrometer may 
remain in the suspension, but the weight of 
the particles that settle on the hydrometer 
itself also produces large errors. 

Photometric methods——In _ contradistinc- 
tion to the pipette and hydrometer methods 
which measure the change in density of the 
system, the photometric methods analyze 
changes of various properties of a light beam 
which passes through the system. There are 
several different phenomena associated with 
the passage of a parallel beam of light 
through a polydisperse suspension containing 
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Fic, 2.—The photo-extinction method 
(schematic). 


particles less than 60 microns in diameter. 
These various effects are measurable and, 
in conjunction with Stokes’ law, form the 
basis for a general group of methods for 
determining particle size termed photo- 
metric methods. The phenomena include 
scattering, absorption, and depolarization. 
Atherton (1952) has used the ratio of the 
intensity of the scattered light to the inten- 
sity of the incident radiation to obtain size 
distributions in the range below 20 microns. 
The depolarizing effects of the suspension 
upon polarized incident light may also be 
used to obtain a distribution curve (Roller, 
1937). A method which depends on the 
absorption of light is used in the water 
supply industry to obtain an estimate of the 
gross amount of suspension irrespective of 
size distribution (Matheson, 1950 and Gen- 
eral Electric Review, 1950). Such gross 
analyses, however, find little use in the field 
of geology. The PE method is also based 
upon the absorption of light but yields in- 
formation concerning the size distribution. 
Let us examine this method in more detail. 

Photo-extinction method.—Consider the 
rectangular cylinder shown in figure 2. Let 
it be filled with a mixture of water and parti- 
cles with diameters less than 60 microns. 
Pass a parallel beam of light through the 
cylinder and let 


Io be the intensity of the incident light, 
and 

I be the intensity of the transmitted 
light. 


Rose (1953) has shown that the relation be- 
tween J) and J is given by the equation, 


a D 
In —=kCl © K.nd2 (8) 
I d=0 

where & depends upon the shape and orien- 
tation of the particles, » is the number of 
particles of size, dz, per gram of sample, C is 
the concentration in grams per cubic centi- 
meter, / is the length of the light path in 
the vessel, and K; is the ratio of the light 
obscuring power of a particle of diameter, 
dz, to that for the same particle if the ordi- 
nary laws of geometrical optics were appli- 
cable (Rose, 1953, p. 67). In any particular 
experimental situation, k, C, and / are con- 
stants, and values for Kz may be obtained 
from a curve provided by Rose. The parti- 
cles are dispersed in the water and readings 
of J are then taken at known times 4 and 
tz, etc. The times are converted to the cor- 
responding particle size by the use of 
Stokes’ law. 

A curve such as figure 3 is then plotted 
showing InJo/J as the ordinate and d,; as 
the abscissa. Let ordinates be erected at 1 
micron intervals and consider two such suc- 
cessive ordinates which cut the experimental 
curve at m and n. The shaded area in figure 
3 which is obtained analytically by multi- 
plying the difference in the two ordinates by 
the mean diameter, dz, is proportional to the 
weight of the material in the unit size range 
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Fic. 3.—Experimental curve for photo- 
extinction method. 
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Fic. 4.—Variation of extinction coefficient, K,, with particle size from 0 to 80 
microns (after Rose). 


(dy—dm). The area OpgO is the sum of all 
such strips. Therefore the shaded area 
mnn'm’, expressed as a percentage of the 
total area OpqO, represents the size fre- 
quency on a weight basis of the sample at 
particle size d;. The analysis of the experi- 
mental curve thus far has neglected the 
effect of changes in the extinction coeffi- 
cient Kz, which for some sizes is quite ap- 
preciable. 

The problem of variations in K; is essen- 
tially that of a dielectric sphere in an 
electromagnetic field and has been investi- 
gated both theoretically and experimentally 
(Rose, 1953, p. 75). Rose constructed a 
curve, which is here reproduced as figure 4, 
showing the values of K, for a range of 
particle sizes from 0 to 80 microns. It is 
obvious that the coefficient approaches 
unity for large particles. The method of ap- 
plying the correction for the extinction co- 
efficient is to divide the value for the shaded 


area in figure 3, before summing, by the 
value of K; corresponding to the diameter, 
d,. The numbers thus obtained represent 
the true weight percentage of particles in 
the unit size interval centered at d;. 

The following assumptions were made in 
the derivation of equation (8): 


1) the particles are completely opaque; 

2) there is no reflection between the 
particles or the vessel walls and the 
particles; and, 

3) the factor K,; includes all deviations in 
light obscuring power from that given 
by the usual laws of geometrical optics. 


Rose examined experimentally all of these 
assumptions and found that under certain 
conditions, they were satisfactorily fulfilled. 
The particles behave in a manner quite 
analogous to a lens. Rose shows through 
simple lens theory that the requirement for 
opacity is satisfied provided that the recep- 
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Fic. 5.—Sedimentation curve of quartz from which particles 3 to 6 microns and those greater 
than 8 microns have been removed (after Talvitie and Paulus). 
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tion is suitably restricted and a sufficient 
difference exists between the index of re- 
fraction of the particles and that of the 
liquid medium. Water is commonly used 
and provides good optical contrast for most 
of the particles of geological interest. A stop 
provided in the apparatus (fig. 6) serves 
both to limit the solid angle of the receiver 
and to eliminate the reception of scattered 
light. The specific value for the solid angle 
given by Rose (1953, p. 70) is 2.51074 
steradians, but for most particles encoun- 
tered in the geological sciences it appears 
that larger values of the solid angle may be 
used without introducing excessive errors. 
Rose demonstrates both theoretically and 
experimentally that the above assumptions 
are satisfied for particles in the 2-60 micron 
size-range when the angle of reception is 
suitably restricted. The writer’s experi- 
mental work corroborates these findings. 
Talvitie and Paulus (1956) were interested 
in effects of inhaled dust particles upon the 
human body. They were predominately 
concerned with particles whose diameters 
were less than 5 microns, hence they con- 
structed a recording photometric particle- 
size analyzer primarily for the 0-5 micron 
range. For the experimental demonstration 
of their analyzer, a sample of quartz dust 
was analyzed in which the particles between 
3 and 6 microns and those greater than 8 
microns had previously been removed. The 
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resulting curve is reproduced in figure 5, 
with the term absorbance equivalent to 
InIo/I. The removal of the 3 to 6 micron 
particles provides a rather severe discon- 
tinuity in the size distribution of the quartz 
dust. The faithfulness with which the 
equipment depicts the discontinuities at the 
3, 6, and 8 micron points is certainly indic- 
ative of the validity of the PE method. 


APPARATUS 


The apparatus for the PE method is 
shown schematically in figure 6. The basic 
equipment consists of a small lamp, a lens, 
various stops, a sedimentation cell, a photo- 
electric cell, and a microammeter. The lamp 
is placed at the focal point of the lens to 
provide a parallel beam of light. Two stops 
(about 2” <1”) are used to provide a narrow 
slit of light and thus limit the vertical height 
of the beam. The stop between the cell and 
the photoelectric tube is necessary to elimi- 
nate the reception of scattered light and 
also limit the angle of reception. The sedi- 
mentation cell is a 2X4X8 cm parallelo- 
pipedon. The photoelectric tube is a Weston 
model 594 YR photronic cell and the meter 
is a Simpson Model 374 microammeter. 
The particular phototube used, which is of 
the photovoltaic type, possesses the follow- 
ing advantages: it requires no outside 
voltage source, thus eliminating the need 
for a regulated power supply or batteries; 
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Fic. 6.—Photo-extinction equipment (schematic). 
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it provides a rather high microcurrent out- 
put for low light input; and, for an external 
circuit resistance of 200 ohms or less, the 
current output is directly proportional to 
the light input (Zworykin and Ramberg, 
1949, chapter II). The model 374 meter is 
used because it has low internal resistance, 
convenient scale divisions, and sufficient ac- 
curacy for this purpose. The lamps com- 
monly used with binocular microscopes are 
quite adequate and, when used in conjunc- 
tion with storage batteries, provide a very 
stable light source. 

The apparatus described above, which 
was used to obtain the experimental data 
for this thesis, represents the very minimum 
amount of apparatus necessary to obtain a 
size distribution by the PE method. How- 
ever, as reflected by the experimental curves 
in figures 7, 8, and 9, the results are in 
general very good. 


PROCEDURE 


In order to demonstrate the PE method, 
the procedure for obtaining the cumulative 
curve shown in figure 7 is traced: 

1) Record Jo for liquid only in the cell. 

2) Disperse the sample in the 1/100 

N NaCl solution by shaking. The NaCl 
electrolyte tends to prevent coagulation of 
the particles and to prevent their adherence 
to the container walls. The proper amount 
of sample to use is best determined by trial 
and error. With about full scale reading on 
the microammeter for Jo, the amount of the 


GENE SIMMONS 


sample should be adjusted to give a reading 
of about 10 to 20 percent of full scale when 
the sample is first dispersed. 

3) Record the values of the current, J, at 
the appropriate times. 

The time required for the fall of particles 
of a specific size may conveniently be ob- 
tained from Stokes’ law. Thus if a distribu- 
tion curve based upon a 5 micron interval 
is desired, the times of fall corresponding to 
diameters of 60, 55, 50,- --, and 5 microns 
should be calculated. 

4) Compute values for InJo/J and plot 
against the corresponding diameter, yield- 
ing a curve similar to that shown in figure 
3. This experimental curve must now be 
analyzed to obtain the size distribution. 

5) Computations are made as indicated 
in table 1 


DISCUSSION OF RESULTS 

In order to demonstrate the application 
of the PE method in the field of geology, the 
size distributions of three different materials 
were obtained and in each case a comparison 
was made with those obtained by the micro- 
scope method. Fo: one of the materials, 
results of the hydrometer and _ pipette 
methods are included in order to place al! 
four methods on a comparative basis. 

It is important to state at this point that 
no selection of the data to be presented was 
intentionally made, with two minor excep- 
tions. Certain experimental data were ob- 
viously erroneous because of the presence of 


TABLE 1 


(1) (2) (3) (4) 
(Mid Dia) 
Diam. Ordinate 


Ord. 


(Col. 3) 


(S) 
Diff. in Xx K; 





(6) (9) 
(Mid Dia) 
(3) x / of 


/€ 
Cum 


(5) (Col. 6) 





91 


Total: 2007 .2 
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Fic. 7.—Comparison of analyses of Dallas loess by microscope, pipette, hydrometer, and 
photo-extinction methods. 
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Fic. 8.—Comparison of analyses of volcanic ash by microscope and photo-extinction methods. 
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air bubbles in the cell or the adherence of 
particles to the cell walls. The air bubbles 
fulfilled all the requirements for small parti- 
cles and thus caused the number of fines to 
appear to be too large. The use of distilled 
water which previously had been heated 
and allowed to cool to room temperature 
eliminated the air bubbles. A second source 
of difficulty arose from the tendency of 
smaller particles, after dispersal, to cling to 
the vessel walls, again causing the number of 
small particles to appear to be too large. 
This adherence of particles was probably 
caused by static electricity on the surface 
of the sedimentation cell. This problem was 
eliminated by using a 1/100 normal sodium 
chloride solution for the medium. 

_ The material referred to as ‘“‘Dallas loess” 
consists of grains carried to Dallas, Texas, 
by various dust storms. It was collected 
from a housetop and then sieved to remove 
the wood fibres. A second sample composed 
of volcanic ash came from the ‘‘Tertiary 
Lake beds” of Middle Park, Colorado, ap- 
proximately 2 miles northeast of Kremm- 
ling. The silt sample was obtained from a 
bar in the Colorado River at Lee’s Ferry, 
Arizona. All samples were sieved through a 
#325 screen to limit the size range and then 
divided with an Otto Microsplit. Analyses 
of the size distribution for the individual 
samples were obtained by various methods 
for comparative purposes. The results are 
shown in figures 7, 8, and 9 with the di- 
ameters plotted in phi units. 

Dallas Loess. The Dallas loess was 
analyzed by the microscope, the pipette, 
the hydrometer and the PE methods. Eight 
hundred particles were measured under the 
microscope using class intervals of 1.8 mi- 
crons and the resulting size frequency dis- 
tribution was converted to a weight fre- 
quency distribution by equation (2). The 
curves for the Dallas loess are shown in 
figure 7. Irregularities in the cumulative 
curve obtained from the microscope data 
may be attributed to the counting of a finite 
number of particles and could theoretically 
be reduced by counting many more parti- 
cles. The additional work, however, is 
unwarranted in view of the very large num- 
ber that would have to be counted. 

The data obtained from the PE method 
agree quite well with the distribution ob- 
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tained from the microscope. The pipette 
method departs somewhat from the mi- 
croscope standard while the hydrometer 
method seems to be the least accurate of 
the methods. The most serious departure of 
the PE curve from that of the microscope 
is for particles larger than 60 microns. This 
is not too surprising, nor alarming, however, 
in view of the fact that for these sizes neither 
method is particularly accurate. The micro- 
scope method is somewhat unreliable for 
the upper portion of the range because of 
the small number of particles of large size 
encountered in counting a random sample. 
On the other hand, the departure of the PE 
method from the true distribution in this 
range may be attributed to difficulties in 
accurately measuring the times of fall for 
the larger particles. The sedimentation of 
larger particles begins to cause a change in 
the meter reading after about 10 seconds. 
Small errors in reading the times of fall thus 
cause fairly large errors in the corresponding 
Stokes’ diameters. The choice of a ‘‘zero- 
time’’ also becomes critical for the larger 
particles. The simplest and most practical 
method of obtaining a uniformly dispersed 
suspension is to thoroughly shake the con- 
taining cell. This, however, establishes tur- 
bulence in the medium which continues for 
a short time after the shaking has been dis- 
continued and introduces some uncertainty 
as to when one should start measuring time. 

Volcanic Ash. The PE distribution for the 
volcanic ash is compared in figure 8 with 
that obtained by the microscope. These data 
indicate a very close agreement between the 
two methods. It should be noted at this 
point that the ash consisted essentially of 
‘“‘two-dimensional”’ particles. The cumula- 
tive curve for the weight distribution de- 
rived from the microscope count was 
obtained by the use of equation (3) which 
introduces d? as a weighting factor. In 
obtaining the data for the ash, 314 particles 
were counted. 

Lee’s Ferry Silt. Two runs with the PE 
equipment were made on the sample from 
Lee’s Ferry for the purpose of showing the 
reproducibility of results. The cumulative 
curves displayed in figure 9 indicate that 
the method yields data which can be 
reasonably well duplicated. 

The results of a microscopic analysis of 
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Fic. 9.—Comparison of analyses of Lee’s Ferry silt by microscope and photo-extinction methods. 
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1692 particles are shown for comparison. 
Again, the PE method and the microscope 
method agree quite well. 


CONCLUSIONS 


The present working standard for the 
measurement of silt-size particles by geolo- 
gists is the pipette method. Objections to 
this method are that insertion of the pipette 
disturbs the system, withdrawal of the 
sample also affects the system, considerable 
experience is required for satisfactory re- 
sults, resolution of the data is limited, and 
the use of automatic recording equipment is 
precluded. 

The photo-extinction method which meas- 
ures the change of intensity of transmitted 
light overcomes these obstacles. Rose dem- 
onstrated the validity of the method on 
both theoretical and experimental bases. 
Data obtained by the writer indicate that 
the photo-extinction method yields results 
which agree very well with those obtained 
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by the reference standard of counting with 
the microscope. The method combines a 
modest initial cost with decreased time and 
effort for accurate particle size analysis and 
also offers the possibility of automatic re- 
cording. The photo-extinction method is a 
new tool of considerable value to geology 
for the measurement of silt-size particles. 
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ABSTRACT 


The Mackereth core sampler is a portable corer capable of collecting fine-grained bottom samples 
from lakes and shallow seas at depths up to 300 feet. At the sampler’s present stage of development 
cores up to 20 feet in length with a diameter of 1} inches can be collected. The corer operates as a 
piston which is pushed into the sediments by compressed air. The corer is held on the surface of the 
sediment for the duration of the coring operation by the hydrostatic pressure. When the sample has 
been taken the corer is raised to the surface by means of compressed air. 


INTRODUCTION 


The author recently began a study of the 
late-glacial sediments found in cores col- 
lected from the floor of Windermere, the 
largest lake in the English Lake District. 
This short paper describes the coring ap- 
paratus used in that study. 

The cores were collected from the lake 
floor by means of the Mackereth Core 
Sampler. The corer is about 25 feet long. 
In operation, use is made of the hydrostatic 
pressure near the lake floor, and the core is 
taken by means of compressed air. This 
corer has many advantages over other corers 
available to sedimentologists, the most 
noteworthy being its portability and the 
length of core it can take. Two men using a 
small boat can operate the corer; and at its 
present stage of development, a core 19 ft 
6 ins long can be obtained. It may be 
operated at depths up to 50 fathoms with 
ease, and depths up to 100 fathoms should 
present no great difficulties. 

A detailed description of the construction 
of this corer has been published by the in- 
ventor (Mackereth, 1958); a general de- 
scription of its construction is given here 
together with details of operation of the 
corer. 

COLLECTION OF CORES 

General description of the corer. The corer 
consists of two metal tubes approximately 
20 feet long, one tube within the other, and 
an anchor chamber 1 foot 6 inches in di- 
ameter and 4 feet long (fig. 1). The outer 


1 Manuscript received December 26, 1958. 


tube (A) is made of stainless steel and has 
an external diameter of 3 inches, with a wall 
thickness of jg inch. The inner tube (B), 
which takes the core, is made of duralumin 
and has an external diameter of 2 inches, 
with a wall thickness of 3 inch. The inner 
tube is attached to a piston (C) and can 
slide past an inner piston (D) which is at- 
tached to the top of the outer tube by means 
of a narrow innermost tube (E). The anchor 
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Fic. 1.—Diagram of main features of the 
Mackereth core sampler. Description in text. 
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chamber (F) is fixed to the lower part of 
the outer tube. In operation an air pressure 
hose (G) is attached to the top of the outer 
tube; and a hose (H), which is connected to 
a pump, is attached to the top of the anchor 
chamber. A short pipe (I) leads from the 
lower part of the outer tube to the top of the 
anchor chamber, and an air release valve 
(J) is also fitted to the top of the anchor 
chamber. 

A recent development is the addition of 
a compass to the corer. The compass is at- 
tached to the corer near the top of the 
outer tube and is locked, when the corer is 
in operation, by air pressure. The air is 
taken from the air pressure hose which is 
attached to the top of the outer tube. The 
needle of the compass swings freely until 
the core is taken. Then, as the air under 
pressure pushes the core tube into the 
sediment, the same air pushes a piston 
which locks the compass needle by raising 
the needle from its pivot. 

A second development is the addition of 
an extension to the core tube. The extension 
increases the depth of penetration of the 
corer though an equivalent length of sample 
at the surface is not collected. The extension 
is achieved by adding a length of metal 
tubing to the core tube and extending the 
innermost tube and fixed piston the re- 
quired amount. 

Operation of the corer. The corer is lowered 
to the Jake floor by means of a nylon rope; 
the two hoses are payed out at the same 
time. Small floats are usually attached to 
the rope and to the top of the corer to 
facilitate this operation. When the corer 
has reached the lake floor a slight tension is 
retained on the rope, this tension and the 
small floats maintain the corer in a vertical 
position regardless of the topography of the 
lake floor (this has been checked by means 
of an echo-sounder). The water in the 
anchor chamber is now pumped out through 
the hose (H, fig. 1) extending from the top 
of the anchor chamber, and the hydrostatic 
pressure forces the chamber into the sedi- 
ment of the lake floor. It is important that 
the anchor chamber be completely pumped 
out. That this has been attained is indicated 
by a change from clear to muddy water at 
the outlet of the pump. The hose is sealed 
off and compressed air is forced into the 
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top of the outer tube by means of the air 
pressure hose (G). A pressure which is 
100 lb./sq. in. greater than the hydrostatic 
pressure present at the lake floor is usually 
required to carry out this part of the opera- 
tion. When the piston at the top of the core 
tube is pushed past the small pipe (I) from 
the outer tube to the anchor chamber, air 
escapes from the outer tube into the top of 
the anchor chamber. When the pressure in 
the chamber exceeds the hydrostatic pres- 
sure, the anchor chamber is lifted out of the 
sediment on the lake floor and the corer and 
core are raised to the surface of the lake by 
means of the buoyancy of the trapped air. 
The air release valve acts during the ascent; 
some air is released thus avoiding an exces- 
sive rate of ascent. The valve is held closed 
by a spring when the corer rests on the lake 
floor, but it is pulled open by a weight on a 
chain when the corer has ascended to a 
distance above the lake floor greater than 
the length of the chain. The chain should be 
longer than the length of the extended 
core tube, otherwise some buoyancy will be 
lost before the core tube is clear of the 
sediment. 

The sequence of events is illustrated in 
figure 2: 

I. The anchor chamber rests in contact 
with the sediment on the lake floor. The 
corer is supported by a rope, and the hoses 
from the anchor chamber and the top of the 
corner are connected to a pump and to a 
supply of compressed air in the boat (see 
inset). 

Il. The water trapped in the anchor 
chamber has been pumped out, and the 
hydrostatic pressure has pushed the cham- 
ber into the sediment. (If the extension is 
fitted to the core tube this will be pushed 
into the sediment at the same time.) The 
hose used to pump out the water is sealed, 
and the core is about to be taken. 

III. Compressed air has been admitted 
into the space between the piston at the top 
of the core tube and the outer tube, and the 
core tube is being pushed into the sediment. 
At the same time the compass needle has 
been raised into the locked position. The 
hydrostatic pressure keeps the anchor 
chamber firmly fixed on the lake floor. 

IV. The core has been taken, and com- 
pressed air has entered the anchor chamber 
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Fic. 2.—Operation of corer. Explanation in the text. Inset shows usual working position. 
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Fic. 3.—Parts of cores taken with the Mackereth core sampler. Width of 
each specimen about 1} inches. 


from the outer tube by means of the short 
pipe (I, fig. 1). The air pressure, being 
greater than the hydrostatic pressure, is 
raising the anchor chamber from the lake 
floor. 

V. The corer is now rising to the surface, 
being lifted by the buoyancy of the air 
trapped in the anchor chamber. Some of the 
air is escaping from the chamber through 
the air release valve. 

Extraction of the core—When the corer 
reaches the surface it is lifted into the boat. 
Until the corer is in the boat a small amount 
of compressed air is still allowed to enter 
the corer to give it buoyancy at the surface. 
Once in the boat; the corer can be taken to 
the lake shore where the core can be ex- 
tracted from the corer. 

Extraction is carried out by pumping 
water into the space at the top of the core 
tube between the fixed piston (D, fig. 1) and 
the piston at the top of the core tube (C, 
fig. 1). The water passes into this space 
through the innermost tube (E, fig. 1). The 
water, under pressure, forces the piston at 
the top of the core tube up the outer tube 
and the core tube is thus retracted. As the 
core tube is retracted, the core is simul- 
taneously ejected into trays or containers. 
If orientated cores are required the appa- 
ratus should be placed so that the North- 


South line of the compass on the corer is in 
the vertical position. On extraction the 
vertical plane through the cores as they rest 
in trays is thus aligned north to south. 

Each core sample is usually placed in 
four trays, each tray being about 5 feet 
6 inches long. If the cores are to be preserved 
they should be wrapped in cellophane paper, 
sealed with tape, and placed in a cold-room 
as soon as possible after extraction. If the 
cores are to be examined for sedimentary 
structures as soon as they are collected, they 
should be allowed to dry out to some ex- 
tent. The rate of drying depends, in part, 
upon the grain size of the sediment in the 
cores, but usually two to three days are 
required before all the sedimentary features 
can be seen. A typical example of laminated 
sediment is shown in figure 3. 


CONCLUDING REMARKS 


This corer should prove to be a useful 
new tool for sedimentologists studying the 
unconsolidated, fine-grained sediments of 
lakes and shallow seas. It has many ad- 
vantages over other corers capable of per- 
forming the same operation. It needs no 
special rig and can, therefore, be operated 
from a small boat. At its present stage of 
development it is not suitable for collecting 
cores of material coarser than sand grade; 
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water saturated sand is lost from the core 
tube as the apparatus is raised from the 
bottom sediment. The addition of a trap 
such as a spring core catcher at the open 
end of the core tube would retain the 
coarser, non-cohesive sediments. 
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SIGNIFICANCE OF STYLOLITES IN PERMEABLE SANDSTONES! 
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ABSTRACT 


The occurrence of stylolite seams in permeable sandstones indicates that solution is localized by 
the material in clay partings rather than by freer circulation along bedding planes. Cementation may 
be commonly related to stylolite formation as the dissolved ma terial may be redeposited within the 


bed to form the cement. 





The occurrence of stylolite seams along 
definite surfaces approximately parallel to 
bedding has generally been attributed to 
freer circulation of water along bedding 
planes. Stockdale (1936, p. 132) stated that 
the ‘formation of stylolites is best favored 
in soluble strata that are reasonably com- 
pact and fine grained, compelling movement 
of ground waters in concentrated amounts 
along restricted and especially favored 
channels.’”” Most of the argillaceous and 
carbonaceous material along seams was con- 
sidered to represent a residual accumula- 
tion left after solution of the more soluble 
constituents in the rock, but in no way a 
cause of solution. 

The first indication that material such as 
clay promoted pressure solution was found 
in the St. Peter Sandstone where greater 
solution occurred in argillaceous zones 
(Heald, 1956a, p. 23). Thomson (1959) ob- 
served a similar situation in Silurian sand- 
stones. The discovery of microstylolites 
along carbonaceous bands entirely within 
individual odlites further indicates the im- 
portance of foreign material in promoting 
pressure solution (Kanes, 1958). 

The writer has recently found well-de- 
veloped stylolite seams with clay? coatings 
in highly permeable sandstones (table 1). 
These occurrences differ from those pre- 
viously reported by Heald and also those 
reported by Thomson in that solution was 
localized along definite seams rather than 
at grain contacts throughout clay-bearing 
beds. Solution must have been promoted by 


1 Manuscript received November 3, 1958. 

2 The term clay as used in this paper includes 
clay minerals, carbonaceous material, iron-bear- 
ing minerals, and other fine grained material 
which may occur along stylolite seams. 


clay which occurred along original partings 
or by constituents associated with the clay. 
If circulation had been the controlling 
factor, solution would have taken place at 
grain contacts throughout the permeable 
beds rather than along definite seams. It 
might be argued that these beds were tight 
at the time of stylolite formation and that 
they were later decemented. However, the 
quartz overgrowths are euhedral and there 
is no evidence that their growth was im- 
peded by any interstitial material. The 
truncation of quartz growths at the stylo- 
lite seams indicates that at least some 
growths were present during the last stages 
of stylolitic solution. 

Although many stylolite seams occur in 
well-cemented sandstones of low perme- 
ability, there is no reason why the seams 
could not have started to form along clay 
partings while the sandstones were porous. 


TABLE 1.—Permeability and porosity of per- 
meable sandstones with stylolite seams 


Distance 7 
Sample from seam Permeability! Porosity 
No. (cm) (Millidarcys) (Percent) 


4.0 134 26 
Li 193 22 
¥; 183 18 
0. 40 il 








1 Permeability measured parallel to seams. 


1. Pottsville sandstone, outcrop sample, Dell- 
slow, W. Va. 

2. Pottsville sandstone, outcrop sample, Sand 
Spring, W. Va. 

3. Dakota sandstone, core sample, Grizzly 
Buttes Well #1 (Sec. 35, T. 15 N., R. 115 
W.) Wyo. 

. Oriskany sandstone, core sample, Bruen 


Heirs Well #5, Kanawha Co., W. Va. 
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The material dissolved along the seams 
could easily be deposited nearby as a cement 
and lead to the presently observed low 
porosity. 

Discontinuous seams which in some rocks 
are only a few inches in length can better be 
explained by solution promoted by clay 
rather than by freer circulation along a 
parting. Advanced induration with nearly 
complete pore reduction would have to be 
assumed to account for circulation only 
along the partings. However, subsidence ac- 
companying the solution along the short 
discontinuous seams would result in faulting 
at the margins of the seams in indurated 
rock. The fact that faults are normally 
lacking indicates that solution along the 
discontinuous seams occurred while the 
rock was little indurated and, therefore, 
before complete pore reduction. 

A thick series of beds with only an oc- 
casional stylolite seam suggests that cir- 
culation is not the controlling factor in the 
stylolite development. No megascopic stylo- 
lite seams have been found in the Triassic 
rocks of the eastern United States except 
for a few very well-developed seams at one 
zone in the sandstone at Raven Rock, New 


Jersey (Heald, 1956b, p. 104). Presumably, 


circulation would have been much easier 
along the many bedding planes than along 
the sinuous clay-coated seams. The presence 
of pyrite on these seams instead of hematite, 
which is common in the sediments, suggests 
a compositional difference which favored 
stylolite solution at this one horizon. Similar 
examples of restricted stylolite formation 
can be found in several Paleozoic sandstones 
in the Appalachian area. The lack of stylo- 
lites in a formation in an area where well- 
formed seams occur in both younger and 
older formations could also be more easily 
explained by differences in the nature of the 
clay on the partings than by differences in 
circulation. 

The original distribution of clay deter- 
mines where most of the early pressure 
solution occurs. If the sediment were clean 
but with clay partings, definite seams would 
form along the partings and a minimum of 
solution would occur at grain contacts 
within the beds. If clay partings were 
lacking and moderate amounts of clay were 
uniformly distributed throughout the beds, 


solution would occur at grain contacts and 
definite stylolite seams would be lacking. 
Randomly distributed clay at a few grain 
contacts would produce only limited solu- 
tion because support from adjacent clean 
grains would prevent continued penetration. 
The amount of pressure solution in highly 
argillaceous sandstones can not be easily 
ascertained, but locally if may be very 
large (Heald, 1955, p. 106). 

It is not known exactly why greater 
solution occurs in the presence of clay and 
carbonaceous material. Thomson (1959) has 
suggested that potassium from clay pro- 
motes solution. Other constituents associ- 
ated with clay or carbonaceous material may 
also play a part. In some areas, ash falls 
would furnish favorable conditions for the 
development of stylolite seams in sandstone. 
Release of alkalies during the diagenesis of 
the ash would promote solution of quartz at 
the horizon where the ash accumulated. 

If the constituent in the clay causing 
solution were removed during stylolite for- 
mation, the seam would cease to enlarge 
when this constituent became exhausted. 
The size of the seams would therefore be 
related to the original amount of the con- 
stitutent which caused solution. The con- 
tinued development of some seams while 
other seams in the same rock ceased to 
enlarge could also be explained by initial 
differences in the amounts of clay along the 
partings. With continued stylolite solution, 
clay which was within the beds would be 
added to the seams as the more soluble con- 
stituents dissolved. When the original clay 
on the parting becomes inert, the added 
clay may be the chief cause of further 
solution. If the new clay were unevenly dis- 
tributed, it would produce irregularities in 
the seams by causing more solution on the 
side of the seam where it was added. Col- 
umns would become longer because more 
clay would be added on the side under- 
going the greater solution. Relatively in- 
soluble constituents irregularly distributed 
throughout a bed, of course, would also 
account for stylolite columns. 

Stress required for pressure solution may 
not be as great as formerly believed. Within 
porous sandstone beds, stresses are rela- 
tively high because they are concentrated 
at the small contact areas between grains. 
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Stress along clay partings is evenly dis- 
tributed over the parting and is therefore 
much less intense. In spite of these stress 
differences, solution is largely limited to the 
clay partings. The occurrence of practically 
undeformed mica next to quartz which has 
undergone considerable pressure solution 
also indicates that the stress required is not 
necessarily great. The excellent preserva- 
tion of detail in plant fossils in coarse sand- 
stones, such as Lepidodendron in the Potts- 
ville sandstone, is partly due to pressure 
solution. Instead of penetrating the plant 
material, the detrital quarz grains under- 
went pressure solution in contact with the 
carbonaceous material and thus left a rela- 
tively smooth mold surface. If great stress 
had been required for this pressure solution, 
it is doubtful whether the finer markings 
would have been preserved. Nevertheless, 
some stress is required inasmuch as no 
solution occurs at unstressed contacts even 
where clay or carbonaceous material is 
present. 

The lack of stylolites along a clay parting 
may be due to insufficient pressure, low 
temperature, or unfavorable clay composi- 
tion. The rate of removal of the dissolved 
material would also be a factor in determin- 
ing the extent of solution. If the dissolved 
material were not removed by precipitation 
or by circulating water, the high degree of 
saturation would prevent further solution. 

Clay would not be a factor in initiating 
stylolitic solution along fractures across 
bedding. As most fracturing occurs after 
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lithification and reduction in porosity, cir- 
culation would be limited to the fractures 
and under the appropriate stress conditions 
stylolites would form. If the sediment were 
clay-bearing, further solution might be 
aided by the clay as it reached the stylolite 
seam. 

The fact that stylolite seams can form in 
porous sedimentary rocks is very significant 
in that the seams represent a potential 
local source of large quantities of cement. 
Under the theory of channeled circulation 
along partings, stylolite seams could not 
form until pore reduction was nearly com- 
plete; therefore, nearby seams could not 
have furnished the cement. Many writers 
have claimed that stylolites post-date in- 
duration. However, stylolites may start to 
form relatively early and actually be an 
important factor in promoting induration 
by supplying cement. The commonly ob- 
served truncation of the cementing material 
along seams would indicate that solution 
continued after the onset of cementation. 

When more is known about the nature of 
the clay which produces solution, it should 
be possible to determine where stylolites 
would most readily form and thus areas of 
probable cementation could be outlined. 
Where the clay is lacking, more favorable 
porosity would be expected. Much of the 
vein filling in fractured sedimentary rocks 
also could have been derived from stylolites, 
inasmuch as clay-induced solution along 
seaims can continue even after open frac- 
tures develop. 


REFERENCES 
HEALD, M. T., 1955, Stylolites in sandstones: Jour. Geology, v. 63, p. 101-114. 
———, 1956a, Cementation of Simpson and St. Peter Sandstones in parts of Oklahoma, Arkansas, 


and Missouri: Jour. Geology, v. 64, p. 16-30. 


——., 1956b, Cementation of Triassic arkoses in Connecticut and Massachusetts: Geol. Soc. America 


Bull., v. 67, p. 1133-1154. 


KANEs, W. H., 1958, A study of the Upper Middle Mississippian of southeastern West Virginia: Un- 
published Master’s thesis, West Virginia University. 

STOCKDALE, P. B., 1936, Rare stylolites: Am. Jour. Sci., v. 32, p. 129-133. 

Tuomson, A. F., 1959, Pressure solution and porosity: Soc. Econ. Paleont. and Mineral., Special 


Publication, no. 7, p. 92-110. 





JOURNAL OF SEDIMENTARY PETROLOGY, VOL. 29, No. 2, pp. 254-259 
Fics. 1-4, PLATE 1, JUNE, 1959 


THE ORIGIN OF STYLOLITES IN THE LIGHT OF A 
PETROFABRIC STUDY‘ 





W. W. M. BROWN 
University College of Wales, Aberystwyth 





ABSTRACT 


Petrofabric analysis of authigenic quartz crystals in stylolites from Carboniferous limestone in 
North Wales has been undertaken. The results obtained support Stockdale’s ‘‘Pressure-solution” 


theory. 





INTRODUCTION 


Although stylolites have been recognised 
for over a century and have been the subject 
of many papers in the last twenty years, the 
problem of their genesis is still discussed. 

At present two diametrically opposed 
theories of stylolite formation command 
the greatest support, the ‘‘contraction- 
pressure” theory as proposed by Shaub 
(1939) and the “‘solution-pressure’’ theory 
of Stockdale (1922, 1943), of which the 
latter is the most widely accepted. 


PETROFABRIC ANALYSIS 


In order to determine the intensity of pre- 
ferred orientation of the quartz crystals 
along the seams, five petrofabric diagrams 
(pl. 1) were prepared. The measurement of 


the attitude of the [0001] axes of quartz 
has been done with the aid of a Leitz U-5 
universal stage. 

Diagrams a and b each represent the re- 
sults of the measurement of 200 quartz 
axes from two different specimens. The 
sections were cut approximately at right 
angles to bedding and parallel to the long 
axes of the stylolite columns. The maxima 
obtained appear to coincide with the direc- 
tion of elongation of the “limbs” of the 
columns. 

Diagram c illustrates the distribution of 
200 grains of authigenic quartz in the 
matrix. The maxima are widely scattered, 
suggesting a random orientation. 

Diagram d, again determined from a thin 
section cut at right angles to the bedding, 
illustrates the orientation of 200 quartz 
crystals at the apices of the columns. The 


1 Manuscript received November 20, 1958. 


almost complete cross girdle indicates a 
development of optic axes in the plane of 
the apex (i.e. the plane of the bedding), and 
emphasizes the development of quartz 
crystals at right angles to those along the 
“limbs.” 

Diagram e has been prepared from a sec- 
tion cut parallel to bedding and shows a 
major maximum in the centre, implying 
that the quartz optic axes have a preferred 
orientation parallel to the elongation of the 
column. This section confirms the homo- 
geneity of the fabric of the quartz crystals. 


INTERPRETATION OF OBSERVATIONS 


In an inspiring paper, Dunnington (1954) 
shows that the evidence Shaub used to sup- 
port his theory is inadequate and in many 
cases ill-founded. The evidence presented 
here suggests that at least some, if not all, 
stylolites developed by the ‘“‘solution-pres- 
sure’ mechanism after the compaction of 
the host rock. 


OBSERVATIONS 


During the summer of 1958 in the course 
of detailed mapping of Lower Carboni- 
ferous limestones in North Wales, numerous 
examples of stylolitic rock were collected. 
Two of the samples found throw new light 
on the origin of stylolites. 

The specimens show stylolites occurring 
in a calcite mudstone. In one specimen in 
particular it was possible to recognise the 
relationship of the stylolite to bedding 
since there was an abundant faunal content 
above the seam (mainly foraminifers and 
occasional brachiopod fragments), while be- 
low the seam, calcispheres provided the 
only evidence of skeletal remains. (fig. 1.) 
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Authigenic quartz crystals, ranging in 
size from 50 to 500 yp, are concentrated along 
the stylolite seam, and the columns them- 
selves range from 1.25 to 8.75 mm or more. 
There is no sign of any concentration of clay 
at the apices, but rather there is a marked 
concentration of quartz crystals at these 
points. 

For the following reasons it is possible to 
recognise the crystals as being authigenic: 


1. they are perfectly or almost perfectly 
idiomorphic; 

. many show a small nucleus of detrital 
quartz around which the idiomorphic 
quartz has developed in optical con- 
tinuity; and, 

3. abundant relic grains of calcite occur 
as inclusions in the quartz crystals and 
are often arranged in concentric layers 
parallel to the crystal outline. 


The authigenic quartz crystals have evi- 
dently developed at the expense of the 
groundmass calcite, and the quartz crystals 
not only now occupy the entire seam but 
also display a distinct, preferred orienta- 
tion. The c-crystallographic axes of the 


quartz crystals are aligned parallel or sub- 
parallel to the stylolite columns (fig. 2). 

For descriptive convenience the trace of 
the columnar surfaces of the stylolite, in a 
section cut at right angles to bedding, will 
be resolved into “limbs” and apices and 
hereafter will be designated as such. The 
apices of the columns (fig. 3) display a dif- 
ferent orientation pattern in that the authi- 
genic quartz crystals develop at right angles 
to those along the “‘limbs,”’ and in the plane 
of the apex. 

Thin sections cut parallel to bedding and 
at right angles to the long axis of the stylo- 
lite columns show the majority of crystals 
to be basal or near basal sections (fig. 4), 
thus substantiating the previous remarks on 
the preferred orientation of the [0001] axes 
of quartz along the “‘limbs”’ of the columns. 

On either side of the stylolite, the quartz 
crystals in the matrix of the limestone show 
no preferred orientation whatsoever. 

Having established the fact that the au- 
thigenic quartz crystals along the stylolite 
seams display a distinct preferred orienta- 
tion, three main conclusions follow: 


(1) in order that the authigenic quartz 


Fic. 1.—Stylolite in limestone collected from Eglwyseg Mountain, N. Wales. Small dark spots in 
the limestone on either side of the seam are authigenic quartz crystals, Magnification X1.3. 
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Fic. 2.—Photomicrograph illustrates the pre- 
ferred orientation of authigenic quartz crystals 
along the limbs (indicated by arrows) of the stylo- 
lite. The apex (X) at the bottom right, shows the 


orientation of quartzes at right angles to those 
on the “limbs.’’ (Crossed nicols 65) 


Fic. 4.—Photomicrograph of stylolite in a 
section parallel to bedding. The columnar struc- 
ture of the stylolite is shown by the circular con- 
centration of quartz crystals at the top of the 
photograph; the majority of sections seen are 
basal or near basal. (Crossed-nicols X28). 


<x«&; 

Fic. 3.—Photomicrograph shows the orienta- 
tion of the quartz crystals at the apices compared 
with those on the ‘‘limbs.’’? Two “limbs”? are illus- 
trated on the photograph and their elongation is 
indicated by arrows. The apex is marked by 
“X”’ and it is to be noted that here the crystals 
(mainly black on the photograph) are aligned 
more or less at right angles to those on the 
“‘limbs.’’ (Crossed nicols X65). 


>> 
PLATE 1.—Orientation diagrams. 

. 200 quartz axes from parallel “‘limbs”’ of the 
stylolite. The curved line indicates trace of 
bedding and the arrow the elongation of the 
“limbs.” Contours 7-6-5-4-3-2-1-%,. 

As above, but from a different specimen and 
contours are +6-4-2-1%. 

Fabric of the quartz crystals in the limestone 
on either side of the seam. 200 quartz axes 
measured and contoured at 4-3-2-1% inter- 
vals. . 

. 200 quartz axes from apices of stylolite. 
Curved line indicates bedding and the arrow 
elongation of the “limbs.’’ Contours +6-4- 
2-19, 

é O- 
200 quartz axes from stylolite “limbs.” Section 
cut parallel to bedding. Contours +6-1-2-1%. 
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crystals might develop, there must 
have been solution and crystallization 
along the line of the stylolite; 

to establish a marked orientation of 
the [0001] axes of quartz, some di- 
rective force must have been opera- 
tive during the growth of the crystals; 
and, 

the stylolite developed after indura- 
tion of the host rock since the authi- 
genic quartz crystals represent post- 
induration phenomena. 


DISCUSSION 
Direction of Pressure 


Stockdale’s theory, that some directive 
pressure has been active in the development 
of stylolites and that there has been sliding 
of the individual portions of one side of the 
stylolite into the dissolved out portions of 
the other, is supported by the preferred 
orientation of the authigenic quartz crystals 
along the columns. 

According to the Trener @ and y rules of 
quartz orientation, the crystals may be ori- 
ented with their c-crystallographic axes 
either parallel to, or at right angles to the 
direction of greatest compressive stress. 
Sonder (1933) suggests that minerals tend 
to grow with their axes of greatest com- 
pressibility parallel to the direction of great- 
est compressive stress, and since the axes of 
greatest compressibility for low tempera- 
ture quartz is perpendicular to the [0001] 
axis, then there will be an orientation of the 
optic axes at right angles to the stress (a- 
rule). Flinn (1956), however, finds that the 
optic axes of quartz may be parallel to the 
direction of greatest stress (y-rule). 

Assuming that the pressure has been op- 
erative in a direction parallel to the long 
axes of the columns, and therefore in the 
case in question effectively vertical, dia- 
grams a, b, and e (plate 1) would appear to 
satisfy the Trener y-rule and show pro- 
nounced maxima in ‘‘a.’’ On the other hand, 
diagram d conforms with the type of orien- 
tation depicted by Trener (1906) to illustrate 
the a-rule. 

It would seem that during the growth of 
the authigenic quartz crystals there has been 
an interpenetration of the ‘teeth’ and 
“sockets” of the stylolite, and the resulting 
slip has caused an orientation parallel to the 
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direction of movement (lineation in ‘‘a,”’ 
conforming with the y-rule. (Sander, 1932.) 

The orientation of the quartz crystals at 
the apices, at right angles to those on the 
“‘limbs,’’ may be readily explained by the 
fact that pressure will eventually be greatest 
at the crests and troughs of the stylolite 
seams; and since no slip movement is in- 
volved, one would expect to find a preferred 
orientation at right angles to the direction 
of pressure (a-rule). 

Pressure has not been evenly distributed 
throughout the rock mass and must have 
been concentrated along the line of the stylo- 
lite since no preferred orientation is to be 
observed in the rock on either side of the 
seam. 


The Role of Chemical Solution 


Since the stylolite has developed on a 
minor bedding plane, this plane may have 
facilitated differential chemical solution 
under pressure which allowed the concen- 
tration of detrital quartzes along the line of 
the stylolite. 

The authigenic quartzes occur as enlarge- 
ments of detrital quartz fragments and, ap- 
parently, also independently of them. The 
silica may have been partly or wholly de- 
posited from dissolved detrital quartz frag- 
ments, or perhaps from the special local 
action of connate waters. 

These deductions are opposed to those of 
Shaub (1949) who, according to Dunnington 
(1954), ‘dismisses as commonplace and in- 
significant the evidences brought by many 
authors in support of the thesis of post- 
induration genesis in general, and the ‘solu- 
tion-pressure’ theory of origin in particular.” 

Although Stockdale’s evidence in support 
of the ‘‘pressure-solution”’ theory has so far 
not satisfied everyone, the evidence pre- 
sented in this paper would suggest that his 
explanation of the mode of formation of 
stylolites is relevant and that the seams de- 
scribed above did develop according to his 
theory. 
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ABSTRACT 


Dolomitization of Late Cambrian odlitic limestone in the Maurice Formation followed lithification 
and preceded regional fracturing of the rock. The source of Mg-rich dolomitizing solutions is believed 
to have been connate waters from adjacent argillaceous sediments. Regional compaction forced these 
waters into the permeable odlite sands of the Maurice Formation. Fluid migration and subsequent 
dolomitization were controlled by effective porosity trends essentially parallel to bedding. Aragonitic 


odlite nuclei formed natural foci for dolomitization. 


INTRODUCTION 


Late Cambrian rocks in southern Mon- 
tana and northwest Wyoming include the 
Maurice Formation, the Snowy Range 
Formation and the Grove Creek Forma- 
tion (Dorf and Lochman, 1940). The Mau- 
rice Formation conformably overlies the 
shales and sandstones of the Middle Cam- 
brian Park Formation and consists of a 


basal limestone-pebble conglomerate, platy 
limestone and shale member overlain by a 


massive, dolomitized odlitic limestone mem- 
ber. The upper member of the Maurice 
Formation is conformably overlain by 
shales and limestone-pebble conglomerates 
of the Snowy Range Formation (fig. 1). 

The upper member of Dorf and Loch- 
man’s (1940) Maurice Formation is the 
‘‘Mottled limestone” or ‘Gallatin cliff” de- 
scribed by Iddings and Weed (1894) and 
Peale (1896). Deiss (1936) included the unit 
in his description of the Pilgrim Formation 
in southern Montana and 
National Park. 

The mottled limestone member of the 
Marurice Formation contains faunas of the 
Crepicephalus and Aphelaspis zones, sug- 
gesting temporal equivalence with the up- 
per part of the Eau Claire Member of the 
Dresbach Formation in Wisconsin (Dorf 
and Lochman, 1940, p. 555). The Maurice 
Formation is correlated with the Pilgrim 
Formation of central Montana, part of the 
Boysen Formation of the Gros Ventre re- 
gion, and part of the Hasmark Formation 


Yellowstone 


1 Manuscript received September 13, 1958. 


of western Montana (Lochman, 
35). 

Regional extent of the upper Maurice 
oblitic limestone is approximately 20,000 
square miles. It is the most distinct litho- 
logic unit in the Cambrian sequence, and it 
almost invariably crops out as a massive 
cliff. In southern Montana and northwest 
Wyoming the unit is odlitic and mottled 
(fg. 2). Mottling results from variable 
dolomitization of the oGlitic limestone. The 
massive o@litic limestone member of the 
Maurice Formation thins eastward from 
the Gravelly Range (Mann, 1950) to the 
mouth of the Clarks Fork canyon (Wise, 
1957). The unit is not recognized in the sub- 
surface of the Big Horn Basin (Burke, et al., 
1956). North from Crowfoot Ridge in the 
Gallatin Mountains, to the Bridger Range, 
the mottled limestone is readily recogniz- 
able in outcrop (Deiss, 1936; C. W. Wilson, 
1934; J. T. Wilson, 1936; Dorf and Loch- 
man, 1940; Skeels, 1936; McMannis, 1952, 
1955). In northern Yellowstone National 
Park, the member is 100 to 140 feet thick 
and thickens gradually to the north, south- 
west, and west. East of the park, the mem- 
ber is 70 feet thick at the 
Clarks Fork canyon (fig. 3). 

Regionally, wherever the limestone is 
mottled it is odlitic. Mottling patterns are 
preferentially oriented parallel to bedding 
and are unrelated to fractures in the rock 
(McMannis, 1955, p. 3, fig. 1). Where the 
dolomitized odélitic limestone interfingers 
with argillaceous limestone-pebble con- 
glomerates in the Bridger Range (McMan- 
nis, 1952), dolomitization is limited to the 
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mouth of the 
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Fic. 1. 


-Paleozoic*section, north flank Abiathar Peak, northeast Yellowstone National Park. 
Cliff-forming membergof the Maurice Formation (Cm), overlain successively by Snowy Range and 


Grove Creek Formations (Csr-gc), Ordovician Bighorn Formation (Obh), Devonian Jefferson Forma- 
tion (Dj) and the Mississippian Lodgepole (M1) and Mission Canyon (Mmc) Formations. Middle 
Eocene Early Basic breccia (Tebb) unconformably overlies the Paleozoic sequence. 


«— Bedding ——>» 


A 
Fic. 2. 


‘Mottled limestone, upper member Maurice Formation, northern Yellowstone National 
Park. (A) Polished specimen, 5” long, with dark gray odlitic limestone and tan dolomite; (B) specimen 
etched in dilute HCl. 
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Fic. 3.—Locality Index. 
(1) Bridger Range area. 
(2) Trail Creek-Canyon Mountain area. 
(3) Mill Creek-Stillwater area. 
(4) Cinnabar Mountain. 


(7) Crowfoot Ridge, Gallatin Mountains. 

(8) Abiathar Peak, Yellowstone National Park. 
(9) Mouth of Clarks Fork canyon. 
(10) Big Horn Basin (Oregon Basin) subsurface. 


(5) Lima region. 
(6) Gravelly Range area. 


oblitic limestone. In northern Yellowstone 
National Park similar relations exist. 
Aphanitic, argillaceous, carbonate rocks ad- 
jacent to the Maurice odlitic limestone are 
not dolomitized. There appears to be a di- 
rect relation in these rocks between pri- 
mary effective porosity and susceptibility 
to dolomitization. 


PETROGRAPHY 
The most striking characteristic of the 
cliff-forming member of the Maurice For- 
mation is the mottled gray and brown ap- 
pearance of the limestone in outcrop. 
Megascopic and microscopic analyses in- 
dicate that the gray areas are unaltered 


(11) Gros Ventre region. 


oblitic limestone and the brown areas are 
wholly or partly dolomitized limestone 
(fig. 4). The dark gray relatively unaltered 
areas consist of tightly packed odlites and 
finely crystalline calcite matrix. Most of 
the odlites are recrystallized; some occur in 
“ghost outline.”” Other odlites have their 
central portion dolomitized. The areas of 
tightly packed odlites are in many places 
surrounded by an irregular zone of coarsely 
crystalline, clear calcite with scattered 
oélites. In some places, the coarse, clear, 
calcite grains have rounded edges, and none 
appears to be in optical continuity with 
adjacent grains. Odlites in the coarse, clear, 
calcite zone are more commonly dolomitized 
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Fic. 4.—Zonation of mottled limestone: (A) Gray odlitic limestone; (B) coarse clear calcite zone; 
(C) tan dolomite. Plain light. 


than odlites that are tightly packed and ina 
finely crystalline matrix. The light brown 
areas of the rock consist of clusters of dolo- 
mite rhombs representing replaced odlites 
in a finely crystalline matrix of calcite that 


has been variably dolomitized. Where 
dolomitization has been extreme, the rock 
consists of a fine mosaic of dolomite rhombs 
that do not have preferred orientation. The 
areas of intense dolomitization commonly 
invade the zones of coarse, clear calcite with 
scattered odlites and corrode the margins of 
the areas of tightly packed odlites. 

Stylolites are common in the mottled 
limestone occurring as irregular, thin, linear 
zones of concentrated dolomite rhombs 
(fig. 5). Dolomitization of the surrounding 
rock is not related to these tiny fissures. It 
is believed that the dolomite rhombs were 
concentrated by solution of the surrounding 
calcite matrix prior to collapse of the solu- 
tion channel. 


DIAGENESIS 

Interpretation of diagenesis in the Mau- 
rice Formation mottled limestone member 
is limited to determining (1) the time of 
dolomitization relative to lithification, (2) 
the source of Mg-rich solutions causing 
dolomitization and (3) the physical con- 
trols affecting the diagenetic process. 

McMannis (1955, p. 1395) studied the 
Maurice Formation in the Bridger Range, 
Montana, and concluded that ‘‘dolomitiza- 
tion was probably accomplished after dep- 
osition, but before or during solidification.” 
Dolomitization of the recrystallized calcite 
matrix suggests that the rock was lithified, 
at least in part, prior to dolomitization. 
Owing to the complexity and selectivity of 
dolomitization, however, it is possible the 
matrix was dolomitized prior to selective 
calcite recrystallization. If this occurred, 
one might expect to find corroded or partly 
replaced margins of the dolomite rhombs. 
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Fic. 5.—Stylolite with concentrated dolomite rhombs. Plain light. 


Crystal faces of dolomite in the upper mem- 
ber of the Maurice Formation are unaltered. 
Thin section analysis of the mottled lime- 
stone indicated three different associations 
of odlites, dolomite rhombs and matrix. In 
each case, it appears that recrystallization 
of the calcite matrix, and hence lithifica- 
tion, preceded dolomitization. Field rela- 
tions clearly indicated that dolomitization 
preceded regional fracturing of the rock. 
Investigation of the possible origin of 
dolomite revealed that Early Paleozoic 
dolomites are more common than Late 
Paleozoic, Mesozoic, and Cenozoic dolo- 
mites. Recent studies by Chilingar (1956) 
indicated a progressive increase in the 
Ca/Mg ratio in limestones and dolomites 
since Precambrian time. Possible explana- 
tions of this relation include (1) difference 
in composition of Early Paleozoic marine 
waters, (2) increasing probability of a car- 
bonate rock becoming dolomitized with time 


and (3) higher CO, pressure in the atmos- 
phere during Precambrian and Paleozoic 
time. Limited data are available which sug- 
gest that the first of these hypotheses may 
have some substance. 

Chemical analyses of metamorphic rocks 
(Clarke, 1924, p. 603, 617, 619, 621, 626) 
indicated the predominance of MgO over 
CaO (weight percent), as is shown in table 1. 

According to Pettijohn (1949, p. 82), 77 
to 84 percent of the metasedimentary 
schists analyzed by Bastin had an excess of 


TABLE 1.—Analyses of metamorphic rocks 


CaO greater than MgO 
MgO/CaO 3:1 to 50:1 


amphibolites 
talc schists 
quartzites and quartz 
schists 
2 ferruginous schists 
mica schists 
7 gneisses 


MgO/CaO 1:1 to 3:1 
MgO/Ca0O 2:1 
MgO/CaO 2:1 to 30:1 
MgO/CaO approx. 1:1 
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TABLE 2.—Analyses of sedimentary rocks 





Average Average 
% CaO 


51 Paleozoic shales Yee? 
27 Mesozoic and 
Cenozoic shales 


magnesia over Jime, as against only 8 per- 
cent of the acid igneous rocks and 35 per- 
cent of the basic igneous rocks. 

Source areas for Cambrian sediments in 
the Western Interior consisted chiefly of 
Precambrian metamorphic rocks. Eckel- 
mann and Poldervaart (1955, p. 1552) have 
demonstrated that at least some of the Pre- 
cambrian basement in the Beartooth Range 
consists of metasediments. It seems logical 
to conclude, in terms of source area terrane, 
that Early Paleozoic sediments should be 
richer in MgO than CaO. Data presented 
by Clarke (1924, p. 552) lend credence to 
this hypothesis (table 2). 

The formation of odlites requires shallow, 
continually agitated water (Krumbein and 
Sloss, 1951, p. 139). This precludes accumu- 
lation of muds in the strict sense. The re- 
sulting sediment consists of a well-sorted 
odlite sand with some finer-grained calcare- 
nite matrix. Recent sediment studies on the 
Bahama banks indicated that areas of odlite 
sand and areas of carbonate mud are sep- 
arated with rather sharp demarcation 
(Newell and Rigby, 1957, p. 54-55). Ab- 
sence of interstitial clay gives odlitic sands 
a high primary porosity and permeability. 
Effective porosity trends would be oriented 
roughly parallel to bedding rather than ver- 
tically through the sediment, and would be 
a function of minor variations in sorting and 
packing of the finer calcarenite matrix sur- 
rounding the odlites. Secondary recrystal- 
lization of the calcarenite matrix should 
have preferential orientation parallel to 
bedding in terms of effective porosity due to 
initial sorting and pH and Eh trends result- 
ing from interbedded organic material. 

Following Late Cambrian sedimentation, 
the upper member of the Maurice Forma- 
tion constituted a large, porous, permeable, 
tongue-like deposit of calcarenite  sur- 
rounded by argillaceous sediments. Com- 
paction of the underlying and overlying 
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muds caused magnesia-rich connate waters 
to pass into and through the permeable 
oélite sands of the Maurice Formation. 
Solution migration and subsequent dolo- 
mitization of the upper Maurice calcarenite 
member was probably controlled by effec- 
tive porosity trends subparallel to bedding. 

Van Tuyl (1916, p. 345) concluded that 
all cases of mottling in limestones seem best 
explained on the assumption that magnesia 
was introduced into the formation from ex- 
ternal sources. Beales (1953, p. 2290) noted 
that variability of dolomitic mottling in the 
Devonian Palliser limestone of Alberta re- 
sulted from effective porosity control rather 
than original composition of the rock. Os- 
mond (1956, p. 40) studied mottling of the 
Simonson Formation in eastern Nevada and 
concluded that ‘“‘development of the mottled 
pattern is the result of incomplete or dif- 
ferential dolomitization which may follow 
a pattern established at the time of deposi- 
tion.” 

As indicated earlier, three different asso- 
ciations of odlites, dolomite rhombs, and 
matrix occur in the rock. In each of these, 
recrystallization of the matrix appears to 
have preceded dolomitization. The zones of 
tightly packed odlites in the finely crystal- 
line calcite matrix are roughly parallel to 
bedding, and due to low effective porosity 
resisted dolomitization. The coarser clear 
crystalline calcite zone with scattered, 
partly dolomitized odlites, probably repre- 
sents a more porous and permeable zone of 
coarse calcarenite with hydraulically equiv- 
alent odlites. Following recrystallization, 
the course calcite matrix had sufficiently 
low permeability to resist later dolomitiza- 
tion, though not to the same degree as the 
areas of tightly packed odlites in the finer 
matrix. 

In areas of incipient dolomitization, 
oélites generally have dolomite rhombs con- 
centrated in their nuclei. Gilbert (1954, p. 
344) indicated that Recent calcareous odlites 
are predominantly composed of metastable 
aragonite. The conversion of aragonite to 
calcite is a slow process under normal condi- 
tions (Gilbert, 1954, p. 340-341). If pro- 
tected by a covering of stable calcite, as in 
the shell structure of living Mollusca, 
aragonite will not convert to calcite. 

It is suggested that during recrystalliza- 
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tion of the calcarenite matrix the periphery 
of the aragonitic odlites was converted to 
calcite. When this protective layer was 
formed, the aragonite in the centers of the 
oélites remained unaltered until the odlites 
were fractured during compaction. The 
metastable aragonite material in the nuclei 
of the oélites then constituted natural foci 
for dolomitization. 
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ABSTRACT 
Methods are described for the determination of major and minor chemical constituents in fine- 
grained sedimentary rocks. They include wet-chemical methods, radiometric and flame- photometric 
methods, absorption and emission spectroscopic methods, and fluorescent X- -ray procedures. The major 
elements are determined by a rapid semi-micromethod on two samples, one of which is decomposed by 
fusion with sodium carbonate; the other sample is decomposed by digestion with sulfuric and hydro- 


fluoric acids. 


Trace elements are determined by spectrochemical procedures using internal standards. 


Carbon, sulfur, and the carbon present in c arbonate minerals are determined by conventional methods. 
A fluorescent X- -ray spectroscopic method for iron and molybdenum is described. 


INTRODUCTION 


This paper is the result of five years of 
analytical work on shales and lignites. Al- 
though the main purpose of the work under- 
taken in this laboratory has been an exten- 
sive mineralogical investigation of uranif- 
erous shales and lignites, the methods de- 
scribed also have been used to analyze clays, 
limestones, sandstones, phosphates, and 
various relatively pure minerals. To date, 
the analysis of 1500 shale and 500 lignite 
samples has been completed. 

The need for more rapid methods of anal- 
ysis in the present-day investigation of geo- 
chemical and mineralogical problems has 
been emphasized by Shapiro and Brannock 
(1956), Corey and Jackson (1953), Hedin 
(1947), and many others. 

The analysis of lignites and bituminous 
shales is complicated by several disturbing 
factors. Elements that are encountered in 
trace amounts in ordinary silicate rocks 
are often major constituents in lignites; the 
high organic content of bituminous shales 
and lignites requires that dry- or wet-ashing 
techniques be used; and the hygroscopicity 
of the lignites must be borne in mind. 

Corey and Jackson (1953) devised a rapid 
semi-micromethod of analyzing silicate 
rocks which promised, with modifications, to 
be applicable to lignites as well. Using their 
paper as a starting point, a satisfactory 
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scheme of analysis has been developed that 
can be used for a wide variety of sedimen- 
tary rocks. 

The methods developed are simple, flexi- 
ble, and can be mastered by personnel who 
have had little laboratory training. They 
are a great deal faster than conventional 
quantitative procedures and result ina higher 
degree of precision than is possible with 
classical methods which require highly 
skilled analysts to achieve reliable results. 

The methods described have been checked 
by standard gravimetric and volumetric 
proceduresand have proved to be comparable 
to those procedures in terms of accuracy and 
precision. Two National Bureau of Stand- 
ards samples, plastic clay No. 98 and argil- 
laceous limestone No. 1A, were analyzed by 
the methods described and the data are 
presented in table 1. As a further check, 


TABLE 1.—Analysis of bureau of standards 
samples 





Plastic clay, 
no. 98 


Argillaceous 
Elements limestone, no. 1A 
deter- 
mined 


Re- 
paw 


Found Found 


I 
ported 


59.3 

25.2 
2.01 
1.37 
0.20 
0.69 
0.22 
3.20 
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random samples were selected from the 
shales and lignites and determined by both 
standard and rapid methods. The results 
agree within +2 percent. This is considered 
adequate for the problems under investiga- 
tion in this laboratory. 

Batches of ten samples are usually run at 
one time. The number depends, however, on 
the equipment available. If equipment is 
limited or if the analyst is inexperienced, it 
is best to do half that amount and carry 
one batch to completion before the next is 
begun. All samples should be run in duplicate 
and they can easily be carried to completion 
in two days. 

A qualitative analysis of all new types 
of rocks, before the quantitative analysis is 
begun, is of the greatest importance. Using 
an emission spectrograph this requires little 
time and will give a good indication whether 
interfering elements are present in amounts 
that will seriously interfere. In many 
cases steps required to eliminate interfering 
elements may be omitted if these elements 
are known to be absent. 

Although in actual practice it will be 
possible to carry on various steps of the 
complete analysis simultaneously, each pro- 


cedure is described in such a way that it can 
be carried to completion before the next is 
undertaken. 


APPARATUS AND INSTRUMENTS 

The glassware and apparatus used are 
those commonly found in any well-equipped 
analytical laboratory. Whenever special 
equipment is required it will be noted under 
the specific method for which it is used. 

A Beckman Model DU quartz spectro- 
photometer, equipped with a Beckman 
Model 4200 flame attachment and a Beck- 
man Model 4300 photo-multiplier attach- 
ment, is used for all absorption and flame 
measurements. 

The analysis of trace elements is done 
with a Jarrell-Ash Wadsworth grating 
spectrograph, Model JA-70. The density of 
the spectral lines is measured with an 
Applied Research Laboratories Comparator- 
Densitometer. The fluorescence measure- 
ments, in the analysis of uranium, are made 
with a Galvanek-Morrison reflectance type 
fluorimeter, Model JA-2600, manufactured 
by Jarrell-Ash Company, Newtonville, Mas- 
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sachusetts. Fluroescent X-ray spectroscopic 
determinations are made with a General 
Electric XRD-3 X-ray unit, lithium fluoride 
analyzer, tungsten target tube and fluores- 
cence sample holder box. 

All pH measurements are made with a 
Beckman pH meter, 


Model G, and glass 
electrode. 


PREPARATION OF SAMPLES 


Samples received from the field are ground 
to —100 mesh in large mullite mortars and 
placed in clean, dry glass jars. The covers 
are taped on with masking tape to prevent 
leakage and the glass jars are packed in 
sawdust in large pebble mill jars. The sam- 
ples are then mixed on a rotating mill for 24 
hours to give as homogeneous a mixture as 
possible. After mixing, the sample jars are 
removed, wiped free of any adhering dust, 
and stored until ready for use. Before 
weighing, the masking tape is removed from 
the covers; the jars once more are wiped 
free of dust with a clean cloth; and a portion 
of the sample required for analytical pur- 
poses is placed in a clean weighing bottle 
and dried to constant weight at 105° C. 

Lignite samples are placed in desiccators 
over a solution of CaCl. 6H.O for 48 hours 
or until equilibrium with the moisture in the 
desiccator is reached. This makes it un- 
necessary to determine a moisture factor 
more than once during the analysis of the 
sample. Lignites have been found to be so 
extremely hydroscopic that changes in the 
humidity in the laboratory markedly affect 
the moisture content of the samples from 
day to day. 


PREPARATION OF SAMPLE SOLUTIONS 
Discussion 


Two solutions are used for the analysis of 
the elements usually determined in sedi- 
mentary rocks. Aluminum, silicon, iron, 
titanium, calcium, and magnesium are de- 
termined on a 0.10—0.50 g sample that is 
decomposed by fusion with anhydrous 
sodium carbonate. Phosphorus, manganese, 
and the alkalies are determined on a 0.50 g 
sample that is decomposed by treatment 
with hydrofluoric, nitric, and sulfuric acids. 
Titanium, iron, and calcium could be de- 
termined on the sample decomposed with 
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acid; however, it is more convenient to use 
the sodium carbonate fused sample. 

If the sample is a lignite or highly bi- 
tuminous shale it is ashed before weighing 
to remove organic matter and concentrate 
elements such as titanium, manganese, 
phosphorus, etc. The sample used in the 
determination of the alkalies is ashed slowly 
at a below 450° C 
to prevent loss of sodium and potassium. 
Other types of sedimentary rocks may not 
need to be ashed, but should be dried to con- 


stant weight at 105° C before weighing. 


temperature slightly 


Sodium Carbonate Fusion 

Reagents— Reagent 
bonate, anhydrous. 

Procedure.—Weigh 


grade sodium car- 
0.10-0.50 g of the 
ashed or dried sample into a 40-ml platinum 
crucible and intimately mix with 1-5 g of 
sodium carbonate. Cover the crucible with 
a platinum lid and place over a Meker 
burner. Heat, slowly at first, and finally 
with the full heat of the burner until the 
flux is melted. Two or three minutes from 
the time the flux melts is usually sufficient 
to decompose the sample. Remove the 
crucible from the flame and allow it to cool 
to room temperature. Add eight ml of 70% 
perchloric acid to the crucible which is kept 
covered with the platinum lid. Add the 
acid slowly (a drop at a time) or some of the 
sample may be lost through effervescence. 
After effervescence ceases, wash down the 
cover and sides of the crucible with water 
and allow the contents to digest on a low- 
temperature hot plate without boiling. 
When the sample is in solution, push the lid 
to one side of the crucible, and allow the 
contents to evaporate till dense fumes of 
perchloric acid are formed. When dense 
fumes appear, boil the contents of the cruci- 
ble gently for a few minutes and take care 
to prevent spattering or baking. Allow the 
contents to cool and add 5 ml of distilled 
water and 5 ml of hydrochloric acid (1+1). 
Heat the crucible and contents until all 
soluble salts are in solution, cool, and trans- 
fer the contents toa pointed, graduated 50-or 
60-ml centrifuge tube and make to the mark 
with distilled water. Stir the solution with 
an air-jet stirrer; rinse off the stirrer into the 
original platinum crucible. Set the crucible 
aside. Centrifuge the tube and contents at 
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1800 rpm for five minutes. Carefully remove 
a 40-ml aliquot of the supernatant liquid by 
pipette and transfer the contents to a dry 
50- or 60-ml centrifuge tube for ihe deter- 
mination of iron, titanium, calcium, and 
magnesium. 


Hydrofluoric Acid Decomposition 


Reagents.— Hydrofluoric acid, 48%; nitric 
acid, concentrated; sulfuric acid, 18N; sul- 
furic acid, concentrated. 

Procedure.—Weigh 0.50 g of sample into 
a 50-m] platinum dish. Moisten the sample 
with a little water, add 0.8 ml. of 18 N 
sulfuric acid, 1 ml of concentrated nitric 
acid, and 10 ml of 48% hydrofluoric acid. 
Evaporate to fumes of sulfuric acid, cool, 
and add a few milliliters of water and 0.1 
ml of concentrated sulfuric acid. Again 
evaporate to fumes of sulfuric acid. Cool, 
wash down the sides of the dish with about 
5 ml of water, break up the crusts, and evap- 
orate to fumes of sulfuric acid. Cool and dis- 
solve the residue in 25 ml of hot water, boil- 
ing gently if necessary. Cool, transfer to a 
100-ml volumetric flask, dilute with water 
and mix. This solution is used for the de- 
termination of potassium, sodium, phos- 
phorus, and manganese. 


METHODS OF DETERMINATION OF ELEMENTS 
Silicon 


In the determination of silicon (Hedin, 
1947), the yellow silicomolybdate complex 
is developed following dehydration of the 
silica with perchloric acid (Williard and 
Cake, 1920). The percent light transmit- 
tance is read at 400 mu. Since many lignite 
samples are quite high in phosphorus and 
arsenic, the removal of silica by dehydra- 
tion affords a clean-cut separation from these 
before the complex is developed. 

Apparatus and reagents.— Beckman 
Model DU spectrophotometer; 250-ml nick- 
el beakers; 500-m!l volumetric flasks; 50- 
ml volumetric flasks; 5% sodium hydroxide 
solution; sodium hydroxide pellets; am- 
monium molybdate solution prepared by 
dissolving 150 g of reagent grade ammonium 
molybdate in water and diluting to 1 liter 
and filtering if cloudy; hydrochloric acid 
(1+99); and hydrochloric acid (1-+-1). 

Procedure.—After carefully withdrawing 
the remaining liquid from above the silica 
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in the centrifuge tube, add hydrochloric 
acid (1+99), mix with an air-jet stirrer and 
again centrifuge at 1800 rpm for 5 minutes. 
Withdraw as much of the wash liquid as 
possible without disturbing the residue and 
discard it. Wash the silica from the centri- 
fuge tube into a 250-ml nickel beaker that 
contains about 2.5 g of reagent grade sodium 
hydroxide pellets, rinse out the tube and 
original platinum crucible with hot 5% 
sodium hydroxide solution, and finally 
police and rinse into the nickel beaker. Dilute 
the contents in the nickel beaker to 100 
ml, heat to boiling, and boil gently for 5 
minutes to dissolve the silica. Cool to room 
temperature, rinse into a 500-ml volumetric 
flask, dilute to volume and mix. Add 10 ml 
of ammonium molybdate solution to a 50- 
ml volumetric flask, dilute to about 30 ml 
with water, add 5 ml of hydrochloric acid 
(1+1) and swirl the mixture. Then, add 5 
ml of the silica solution from the 500-ml 
flask, make to volume with water and mix. 
Allow the color to develop for one-half 
hour. Read the percent transmittance at 
400 my. and calculate the percent silicon 
from a standard calibration curve previously 
constructed. Percent of silicon in the un- 
known can be computed: 


 «: _ Micrograms Si per 50 ml. 
% Si= —— 


bs ‘Aliquot x Sample weight 


100. 


The standard curve is prepared by dilut- 
ing 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 ml of a 
standard solution that contains 50 micro- 
grams of silicon per ml of solution to 50 ml, 
and treating exactly as described for the 
development of the silicomolybdate com- 
plex in the test solution. The reference blank 
is prepared by adding 10 ml of ammonium 
molybdate solution to a 50-ml volumetric 
flask, diluting to 30 ml with water, adding 5 
ml of hydrochloric acid (1+1), diluting to 
50 ml with water and mixing. 


Calcium 

Calcium is determined in the presence of 
magnesium following the precipitation of 
iron, titanium, aluminum, etc. with am- 
monium hydroxide (Schwarzenbach and 
Biederman, 1948). A new indicator pre- 
pared by Patton and Reeder (1956) is used 
which changes from wine-red to clear blue 
when calcium is titrated with disodium 
EDTA (disodium dihydrogen ethylene di- 
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amine tetra-acetic acid) at a pH between 12 
and 14. 

Apparatus and reagents.—Bromcresol pur- 
ple indicator; concentrated ammonium hy- 
droxide (1+4); nitric acid; 8 N sodium hy- 
droxide; standard calcium chloride solution 
exactly 0.01 N; 0.01 N disodium EDTA 
which is standardized against the 0.01 N 
calcium chloride solution; 2-hydroxy-1-(2- 
hydroxy-4-sulfo-1-Naphthylazo)-3- Naph- 
thoic acid indicator which may be prepared 
as described by Patton and Reeder (1956) 
or obtained ready to use from Scientific 
Service Laboratories, P.O. Box 175, Dallas 
21, Texas. 

Procedure.—To the 40 ml of solution re- 
served for the determination of iron, alum- 
inum, titanium, calcium, and calcium plus 
magnesium, add 3 drops of bromcresol pur- 
ple indicator. Add concentrated ammonium 
hydroxide from a buret (drop by drop), stir 
with an air-jet stirrer until a precipitate be- 
gins to form; then add ammonium hydrox- 
ide (1+4) until the color of the indicator 
just turns from yellow to purple. Allow 
contents of the tube to cool, adjust with 
water to exactly 50 ml, mix, and heat in a 
water bath for 5 minutes; then cool the 
tube and contents. Centrifuge at 1800 rpm 
for 5 minutes. Pipette off two 20-ml por- 
tions carefully and place in 250-ml beakers 
for the determination of calcium and cal- 
cium plus magnesium. 

Evaporate the 20 ml of solution reserved 
for calcium to dryness with 10 ml of con- 
centrated nitric acid used to remove am- 
monium salts. A second evaporation with 2 
or 3 ml of nitric acid, after washing down the 
sides of the beaker with water, is almost al- 
ways necessary. Add to the cooled residue 1 
ml of hydrochloric acid (1+1) and 50 ml 
of water. Neutralize the calcium solution 
with 8 N sodium hydroxide solution and 
add 4 ml in excess. Allow to stand 5 minutes, 
add 30 mg of sodium cyanide and 30 mg of 
hydroxylamine hydrochloride. Swirl mix- 
ture to dissolve the salts, add 0.1 g of cal- 
cium indicator and titrate with 0.010 N 
disodium EDTA to a clear blue end point. 
The percentage calcium can be calculated 
from: 


% C ml. EDTAX Normality of EDTA X0.02004 
o Ca= = 


Aliquot XSample weight 





X 100 
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Each milliliter of exactly 0.0100 disodium 
EDTA solution is equivalent to 0.2004 mg 
of calcium. 

As little as 0.10 per cent of calcium has 
been determined by this method. For best 
results, when small amounts of calcium are 
present, a microburet, graduated to 0.01-ml, 
is used. 

Magnesium 

Magnesium is determined as described by 
Corey and Jackson (1953), and by Schwar- 
zenbach and others (1948). Titration with 
disodium EDTA is a measure of the total 
calcium plus magnesium in the solution; 
magnesium is then calculated by difference. 

Reagents—Ammonium hydroxide; 0.0100 
N disodium EDTA solution; Eriochrome 
black T indicator solution (0.5 g of Erio- 
chrome black T mixed with 4.5 g of hy- 
droxylamine hydrochloride and dissolved in 
100 ml of absolute methyl alcohol); sodium 
cyanide; hydroxylamine hydrochloride. 

Procedure-—To the aliquot reserved for 
the determination of total calcium plus 
magnesium add 5 ml of concentrated am- 
monium hydroxide and dilute to 50 ml with 
distilled water. Add 30 mg each of sodium 
cyanide and hydroxylamine hydrochloride 
and stir to dissolve. Add 5 drops of Erio- 
chrome black T indicator solution and im- 
mediately titrate to a clear blue end point 
with 0.0100 N disodium EDTA, using a 
blank for comparison. 

The percentage magnesium in the sample 
can be calculated by subtracting the amount 
of 0.0100 N disodium EDTA required to 
titrate the calcium solution from that re- 
quired for total calcium plus magnesium. 
Thus, percentage of magnesium in the 
sample=(ml of EDTA required for total cal- 
cium plus magnesium)—(ml of EDTA re- 
quired for calcium) X normality of disodium 
EDTA X0.01216X 100/aliquot X sample 
weight. If the aliquot taken for the determi- 
nation of calcium differs from that taken 
for total calcium plus magnesium, the per- 
centage of magnesium in the sample can be 
calculated by subtracting the milliequiva- 
lents of calcium per gram from the milli- 
equivalents of calcium plus magnesium per 
gram and multiplying by 1.216. 


Aluminum 


Aluminum is determined by the aluminon 
method of Smith, Sager, and Siewers (1949) 
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after it is separated from iron and titanium, 
with concentrated sodium hydroixde solu- 
tion as the aluminate ion. 

Apparatus and reagents—Buffer  solu- 
tion, pH 4.2 (60 ml of glacial acetic acid 
diluted to 900 ml, to which a 100-ml por- 
tion of 10% sodium hydroxide solution is 
added. Adjust the pH to 4.2 with a pH 
meter by adding small portions of 10% 
sodium hydroxide); aluminon reagent (ex- 
actly 0.200 g of aluminon is dissolved in 100 
ml of pH 4.2 buffer solution and diluted to 
500 ml with water). Standard aluminum 
solution containing 5 micrograms of alum- 
inum per ml of solution (prepared by dissolv- 
ing 0.08795 g of KAI(SO,)2:12H:O in a 
liter of water and standardizing by pre- 
cipitating the aluminum with ammonium 
hydroxide, igniting, and weighing as Al.Os); 
1% ammonium chloride solution; 5% am- 
monium carbonate solution; sodium hy- 
droxide solution (made by dissolving 25 g 
of sodium hydroxide in 100 ml of water). 

Procedure-——The treatment of the pre- 
cipitated hydroxy oxides of iron, titanium, 
and aluminum now depends on the presence 
in the sample of uranium and also on the 
percentage of iron present. Uranium inter- 
feres in the determination of iron and 
titanium with Tiron, and aluminum tends 
to be adsorbed or co-precipitated on the 
iron precipitate when sodium hydroxide is 
added. Therefore, if much uranium is pres- 
ent, it is best removed in the next step. 

1. If uranium is present wash the hy- 
droxides in the centrifuge tube with 20 ml 
of 5% ammonium carbonate solution, stir 
with the air-jet stirrer, dilute to 50 ml with 
water and again stir. Centrifuge at 1800 
rpm for 5 minutes and withdraw the super- 
natant liquid which contains the uranium. 
Wash again with a 1% solution of ammon- 
ium chloride, mix, centrifuge, and withdraw 
and discard the ammonium chloride solu- 
tion. 

2. If uranium is not present wash the hy- 
droxides only once with 1% ammonium 
chloride and omit the treatment with am- 
monium carbonate. 

To the precipitate in the centrifuge tube 
add 3 ml of hot hydrochloric acid (1+1). 
The succeeding steps depend on the amount 
of iron present. If the iron does not exceed 5 
percent, add 10 ml of hot sodium hydroxide 
solution. Stir the solution and heat the tube 
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in a hot water bath for 5 minutes. Cool, di- 
lute to 50 ml with water, mix well, and 
centrifuge for 5 minutes at 1800 rpm. 
Pipette five milliliters of the supernatant 
liquid into a 100-ml volumetric flask and 
add 3 ml of hydrochloric acid (1+1). Dilute 
the solution to 100 ml with water, mix, 
and reserve for the determination of alu- 
minum. 

If the iron exceeds 5 percent, provision 
must be made to prevent the coprecipita- 
tion of aluminum. This is most easily ac- 
complished as follows. To the dissolved 
hydroxides in hydrochloric acid add enough 
8 N sodium hydroxide to neutralize the 
solution and then add 2 ml in excess (Snell 
and Snell, 1949). Mix and add 10 ml of 8 N 
sodium hydroxide solution saturated with 
hydrogen sulfide, mix and heat in a hot 
water bath for 5 minutes. Cool, dilute to 50 
ml, mix and centrifuge at 1800 rpm, then 
pipet 5 ml of the supernatant liquid into a 
100-ml volumetric flask, add 3 ml of hydro- 
chloric acid (1-+1), dilute to the mark with 
water and mix, reserve for the determination 
of aluminum. Withdraw the remaining liq- 
uid by gentle suction and discard it. Dis- 
solve the precipitate of iron and titanium in 
1 ml of hydrochloric acid (1+1) and then 
transfer to a 100-ml volumetric flask, add a 
drop of 3% hydrogen peroxide, dilute the 
solution with water, mix and set aside for 
the determination of iron and titanium. 

For the determination of aluminum add 
10 ml of pH 4.2 buffer solution to a 50-ml 
flask and add 20 ml of water. Then add 10 
ml of 0.04% aluminon reagent and swirl the 
mixture, add 5 ml of the test solution pre- 
viously reserved for aluminum (a 5-ml ali- 
quot should be suitable for samples contain- 
ing 1 to 8 percent of aluminum). Dilute with 
water to 50 ml, mix, and allow the color to 
develop for one-half hour. Read the percent 
transmittance at 520 my against a reference 
blank that contains exactly the same 
amount of reagents as the test solution. 
Control of pH, temperature, and time for 
color development must be strictly adhered 
to in order to secure good reproducibility. 
From the standard aluminum curve (pre- 
pared by taking 1, 2, 3, 4, 5, 6, 7, and 8 ml 
of the stock aluminum solution and treat- 
ing as above) the percentage aluminum in 
the sample may be calculated: 
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micrograms Al per 50 ml 


% Al 





ni Aliquot Xsample weight 


Iron 


Total iron is determined with Tiron 
(Yoe and Jones, 1944). The blue color de- 
veloped below pH 5.0 is read at 565 mu. 
MoO,-, OsO;=, Cutt, UOst+, VOt, and 
Tit** interfere. However in the _ pro- 
cedure as outlined MoO;-, UO.**, VOt and 
Cutt are removed and Tit*** does not 
interfere at the wavelength used. OsO;~ is 
not likely to be present. 

Apparatus and reagents.—Disodium-1, 2- 
dihydroxybenzene-3, 5-disulfonate (Tiron, 
the LaMotte Chemical Products Co., Ches- 
tertown, Md.); buffer solution, pH 4.7 
(equal volumes of 1M acetic acid and 1M 
sodium acetate); 3% hydrogen peroxide; 
hydrochloric acid; standard iron solution 
that contains 50 micrograms of iron per 
milliliter. 

Procedure.—Pipet 10 ml of pH 4.7 buffer 
solution into a 50-ml volumetric flask, add 
20 ml of water and 5 ml of 4% Tiron solu- 
tion. Add an aliquot from the solution pre- 
pared for the determination of iron and 
titanium in the 100-ml flask that will con- 
tain from 50 to 250 micrograms of iron. The 
dilution will depend on the percentage iron 
in the sample. Dilute to 50 ml with water, 
mix, and read the percent transmittance at 
565 mu. From the standard iron curve (pre- 
pared by taking 1, 2, 3, 4, 5, 6, 7, and 8 ml 
of the stock iron solution and treating as 
above) the micrograms of iron in 50 ml can 
be obtained, and the percentage iron in the 
sample can be calculated: 

micrograms Fe per 50 ml 


% Fe * 100. 





a Aliquot X Sample weight 


Titanium 


Titanium is determined with Tiron (Yoe 
and Armstrong, 1947) after the reduction of 
the iron with solid sodium dithionite. A 
slight turbidity may develop after 20 min- 
utes; therefore, the samples should be read 
as soon as possible. Mo, VY, W, U, and Bi 
would interfere but they are removed in the 
procedure. 

Apparatus and reagents——Tiron; pH 4.7 
buffer solution prepared as directed under 
iron; 3% hydrogen peroxide; sodium dithi- 
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onite; standard titanium solution that con- 
tains 10 micrograms of titanium per ml. 

Procedure.——Pipet 10 ml of pH 4.7 buffer 
solution into a 50-ml volumetric flask, add 
20 ml of water and 5 ml of 4% Tiron (4 g 
Tiron diluted with water to 100 ml). Add an 
aliquot from the iron and titanium solution 
that will contain from 10 to 100 micrograms 
of titanium. Add 3 to 5 mg of solid sodium 
dithionite. Dilute to 50 ml with water and 
carefully mix without excessive shaking 
until the blue iron color is destroyed and 
the yellow titanium complex is developed 
(approximately 10 minutes). The percent 
transmittance is read at 400 mp and the 
amount of titanium in the 50 ml is obtained 
from a standard titanium curve prepared 
by taking 1, 2, 3, 4, 5, 6, 7, and 8 ml of the 
stock titanium solution and treating as 
above. The percentage titanium in the sam- 
ple is then calculated: 


micrograms Ti per 50 ml 


% Ti SEM St eal 


~ Aliquot Sample weight 
Sodium, Potassium and Lithium 


After the separation of the oxides and cal- 
cium, the alkalies, lithium, potassium, and 
sodium, are determined by a flame photo- 
meter method (Horstman, 1956). Rubidium 
and cesium can be determined on the same 
sample if desired. 

Apparatus and reagents—Beckman Model 
DU spectrophotometer with Beckman 
Model 4200 photomultiplier attachment 
and Beckman Model 4200 flame attach- 
ment; oxygen and acetylene gas; standard 
potassium, sodium, and lithium solutions; 
calcium carbonate, low in alkalies; 95% 
ethyl alcohol; bromothymol blue indicator 
solution. 

Procedure-—From the solution prepared 
as described under ‘“‘Hydrofluoric Acid De- 
composition,’’ pipet into a Pyrex beaker 
an aliquot that will contain 0 to 100 mi- 
crograms of the alkalies. Dilute to 75 ml 
with distilled water, and add 5 drops of 
bromothymol blue indicator. Carefully neu- 
tralize the solution with solid calcium car- 
bonate. Do not add more than enough of 
the calcium carbonate to just change the 
color of the indicator from yellow to blue. 
If the color does not change to blue on the 
addition of 0.5 to 1.0 g, set the beaker on the 
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steam bath and warm for an hour or so. 
Usually this will suffice, if it does not add a 
little more calcium carbonate. When the pH 
is between 7.6 and 7.8 allow the precipitate 
to age overnight, heat to boiling, and filter 
on an 11-cm medium grade filter paper. 
Wash with hot water until the volume of the 
filtrate and washings is 150 ml. Evaporate 
to 50 ml, cool, and add 50 ml of 95% ethyl 
alcohol. Set aside overnight, filter through 
an 11-cm medium grade filter paper, and 
wash with 50 percent ethyl alcohol. Evapor- 
ate the solution to dryness, add hot water to 
dissolve the residue, transfer to a 50-ml 
volumetric flask, dilute to volume, and mix. 
A blank should be carried through all the 
steps of the procedure. 

If the samples cannot be read at once 
transfer the solutions to polyethylene bot- 
tles, seal tightly, and keep until ready for 
use. 

Using spectrographically analyzed so- 
dium chloride, potassium chloride, and 
lithium chloride, prepare standard solutions 
containing 100 micrograms of each alkali 
per milliliter of solution. Dilute these, mix 
together to obtain standards for the range 
of either 0 to 10 micrograms or 10 to 100 
micrograms of potassium, sodium, and 
lithium per milliliter of solution. The flame 
photometer is standardized for the range 0 
to 10 micrograms or 10 to 100 micrograms 
of sodium per milliliter of solution, depend- 
ing on the concentration of sodium in the 
test solution. Obtain galvonometer reading 
for the unknown solution and the concen- 
tration of sodium from a standard curve. 
Then, in turn, standardize the flame pho- 
tometer for potassium and lithium. Repeat 
the same procedure for the potassium and 
lithium determinations. Potassium is read 
at 766 mu, sodium at 589 my, and lithium 
at 671 mu. The percentage of each alkali in 
the sample may be determined: 


. micrograms alkaliX 50 
% alkali= 





Aliquot X Sample weight 


Phosphorus 


Phosphorus is determined by measuring 
the light transmitted by a solution at 430 
my following the development of the yellow 
molybdivanado-phosphoric acid complex 


(Kitson and Mellon, 1944). 
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Reagents.—Standard phosphorus solution 
(0.2132 g of ammonium monohydrogen 
phosphate dissolved in water and diluted to 
1 liter. Each ml will contain 0.05 mg of 
phosphorus per ml); molybdivanadate solu- 
tion (1.25 g of ammonium metavanadate 
dissolved in 400 ml of nitric acid (1+1), 50 
g of ammonium molybdate dissolved in 400 
ml of water. Mix the two solutions and dilute 
to 1 liter with water). 

Procedure—From the solution prepared 
for the determination of the alkalies, phos- 
phorus, and manganese, pipet into a 50- 
ml volumetric flask an aliquot containing 
from 1 to 50 ppm phosphorus. Add 10 ml 
of molybdivanadate solution and_ swirl. 
Add water to bring to the mark, mix, and 
allow to stand for 5 minutes. Read the per- 
cent transmittance at 430 my, and from the 
standard curve determine the micrograms 
of phosphorus per 50 ml. The standard 
curve is prepared by pipetting into a 50-ml 
volumetric flask 1, 2, 3, 4, 5, 6, 7, and 8 ml 
of the standard stock solution that contains 
50 micrograms of phosphorus per ml and by 
developing the yellow molybdivanadophos- 
phoric acid complex as described above. The 
percent of phosphorus in the sample may 
then be calculated: 


, . micrograms P per 50 ml 


o7 


~ Ali juot X Sample weight 


Manganese 

Manganese content is determined by the 
method of Willard and Greathouse (1917). 
The manganese is oxidized to permanganate 
with KIO,, and the percent of light trans- 
mitted by the solution is measured at 525 
my or 545 my if chromate is present. 

Reagents.—Standard manganese solution 
(0.2877 g of KMnO, dissolved in water and 
diluted to 1 liter. Each ml should contain 
0.1 mg of manganese, but the solution 
should be standardized before using). From 
this standard manganese solution, prepare 
a stock solution that will contain 50 micro- 
grams of manganese per ml. Reagent grade 
K1O,; 100 ml of phosphoric acid and 500 ml 
of sulfuric acid, mixed, and diluted to 1 liter. 

Procedure-—From the solution prepared 
for the determination of the alkalies, phos- 
phorus, and manganese, pipette into a 50- 
ml volumetric flask an aliquot containing 
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from 1 to 15 ppm manganese. Add 25 ml of 
the phosphoric-sulfuric acid solution and 
mix. Then add 0.1 g of solid KIO, and heat 
near the boiling point in a water bath for 15 
minutes. Cool, dilute to volume, and mix. 
Read the percent transmittance at 525 mu 
and determine the micrograms of manga- 
nese per 50 ml from a standard curve. The 
percentage manganese in the sample may 
be calculated: 


micrograms Mn per 50 ml 





% Mn X 100. 


o Aliquot X Sample weight 


Carbon and Hydrogen 


Total carbon and hydrogen in bituminous 
shales and lignites are determined by a 
rapid technique first described by Millin 
(1939) and modified by Grace and Gauger 
(1946). Because many of the rocks analyzed 
contain carbonate minerals, a temperature 
of 900°-950° C and a longer combustion 
time than that recommended in the original 
paper are maintained. 

Apparatus and reagents—An_ organic 
combustion apparatus consisting of 3 heat- 
ing units; needle valve and gauge attached 
to a supply tank of oxygen; flow meter; 
fused quartz combustion tube (Amersil 
Company, Inc., Hillside 5, New Jersey); 
Nesbitt tube filled with anhydrone; Nesbitt 
tube filled with caroxite; fused lead chro- 
mate pellets; silver ribbon turnings (T. B. 
Hagstoz & Son, Philadelphia, Pa.); copper 
oxide; oxidized copper screen plugs; combus- 
tion boats. 

Procedure.—Pack the combustion tube as 
described by Grace and Gauger; use only a 
few pellets of lead chromate in place of the 
25 cm recommended. This greatly lengthens 
the life of the tube. A preheating furnace 
has been found unnecessary and is not used. 

Test the combustion train at operating 
temperature until blanks indicate that there 
is a change in the weight of the Nesbitt ab- 
sorption tubes of no more than 0.5 mg. 
Connect the absorption tubes to the train, 
insert the combustion boat containing the 
sample (not less than 0.2-0.3 g) into the 
tube and move to the clear section; follow 
by the copper oxide wire spiral. The 13-cm 
furnace which is at the extreme end of the 
stand should be at about 500°C. Adjust the 


oxygen flow so that the rate of flow is 100 
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ml per minute, set the rheostat on the 13- 
cm furnace for 900°-950° C and allow the 
unit to reach that temperature, which it 
does in a few minutes. Slowly move the 
furnace up to the boat so that at the end of 
ten minutes it is against the 33-cm furnace 
which is at a temperature of 900° C. After 
five minutes move both furnaces back to 
the extreme end of the stand. Then, adjust 
the rheostat on the 13-cm furnace to 500° C 
and after ten minutes return the 33-cm 
furnace to its original position. Maintain 
the flow of oxygen for five more minutes, 
shut the absorption tubes off under pressure 
and cut off the flow of oxygen. Remove the 
absorption tubes from the train, allow to 
come to the balance temperature, vent, 
wipe with a clean dry cloth and weigh. The 
percent of carbon may be calculated: 


_ weight CO2X 27.29 
% C= 


weight of sample 


The percent of hydrogen may also be calcu- 
lated: 
weight H,OX 11.19 


weight of sample 


%H 





Non-essential Water 

If the determination of hygroscopic water 
(H:07) is also desired, it can best be deter- 
mined by drying 1.0 g of the sample to con- 
stant weight in a weighing bottle at 105° C. 
Because of the hygroscopic nature of highly 
bituminous shales, it is best to weigh sam- 
ples of the air-dried material for analysis 
and determine the hygroscopic water on a 
separate portion. If a complete summation 
is not required, the samples are best dried 
for two hours at 105° C in a weighing bottle, 
cooled in a desiccator, and weighed at once. 

Lignite samples are so hygroscopic that a 
special technique for handling was adopted. 
All samples were kept in uncovered weighing 
bottles in a desiccator over CaCl. 6H2O for 
at least forty-eight hours. A moisture factor 
was determined on each set of samples by 
drying 1.0 g of sample at 105° C to constant 
weight. The samples were kept in the desic- 
cator until all determinations were made. 
Experiments conducted over a number of 
years have shown that this gives a higher 
degree of reproducibility, without the need 
of determining a moisture factor each time 
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a sample is weighed. The hygroscopicity of 
the lignites is so great that air dried samples 
gain weight even during the actual time re- 
quired for weighing, but samples kept as 
described above were not affected. The 
percent of moisture was calculated as fol- 
lows: 


% M= Ween loss 
Weight sample 


Ash 


The percent of ash, and loss on ignition if 
desired, may be determined for lignites in 
two ways: 

1. If the percent ash is required as a 
factor or if it is desirable to ash enough 
sample for the determination of the invola- 
tile elements, the determination is begun 
by weighing 20.0 g of the raw lignite into a 
flat, fused quartz dish and slowly igniting in 
a muffle furnace. The temperature is raised 
slowly to 450° C and kept at this tempera- 
ture until most of the combustible material 
has disappeared, care being taken that the 
heating is gradual enough to prevent de- 
flagration. The temperature is then raised 
to 750° C, the ash ignited at 750° C for one 
hour, cooled in a desiccator, and weighed. 
The ignition at 750° C is repeated until 
constant weight is obtained. 

2. Samples that are to be used for the 
determination of volatile elements are 
weighed into flat, fused quartz dishes and 
heated for 1 hour at 150° C; the tempera- 
ture of the samples is then raised to 225° C 
and maintained there for one hour. Then, 
the temperature of the samples is slowly 
increased to 450° C and the sample is ig- 
nited at this temperature for five hours. 
After cooling, the samples are weighed and 
re-ignited at 450° C until constant weight 
is obtained. The percent of ash may then be 
calculated: 


% Ash=100—% L.O.1. 


Total Sulfur 


Total sulfur is determined most easily in 
bituminous shales and lignites by using the 
procedure described by Stanton, Fieldner, 
and Selvig (1938). 

Apparatus and reagents—Eschka mixture 
(2 parts calcined MgO, 1 part anhydrous 
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NasCOs3); bromine water; hydrochloric acid 
(1+1); methyl orange indicator; 10% 
barium chloride solution. 

Procedure.— Mix 1.0 g of the sample with 
3 g of Eschka mixture in a large porcelain 
or platinum crucible. Cover the mixture 
with 1 g of Eschka mixture and heat slowly 
in an electric muffle furnace. When the 
temperature reaches 450° C maintain at 
this temperature for one-half hour, then 
increase the temperature to 800° C, and ig- 
nite at 800° C for one hour. If on cooling 
there is any evidence of organic matter pres- 
ent, as shown by black particles in the mix- 
ture, repeat the ignition at 800° C until all 
organic matter has burned away. 

Transfer the cooled mixture to a 250-ml 
beaker with hot water and heat for 30 min- 
utes in about 100 ml of water. Filter onto an 
11-cm medium grade filter paper, wash the 
residue with hot water until the volume of 
the filtrate and washings is about 250 ml, 
add 5 ml of bromine water and enough 
hydrochloric acid to make the solution 
slightly acid. Boil until all of the bromine 
has been expelled, add 3 drops of methyl 
orange indicator, and adjust the pH with 
dilute ammonium hydroxide so that the 
color of the indicator just turns from yellow 
to pink when 1 drop of dilute hydrochloric 
acid (1+4) is added. Heat to boiling and 
slowly add, while stirring constantly, 10 ml 
of a 10% barium chloride solution. Allow 
the precipitate to stand for several hours. 
Filter on an 11-cm fine grade filter paper, 
wash with hot water until the wash liquid 
shows no turbidity when tested with a 1% 
solution of silver nitrate. Ignite the paper 
and residue in a porcelain or platinum cruci- 
ble, slowly at first until the paper has 
charred, and finally at 900° C. Cool, weigh, 
and again ignite and weigh until constant 
weight is attained. The percent of sulfur in 
the sample may be calculated: 

weight of BaSO, 


S=—————_ X 13.74 
70 weight of sample 


Carbon in Carbonate Mineral 


If it is necessary to determine the carbon 
present as carbonate, several methods may 
be found in the literature. The method se- 
lected will depend on several factors: the 
accuracy and precision required, the rock 
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type, the time available for analysis, etc. 
Except for the method proposed by Shapiro 
and Brannock (1956), the author knows of 
no rapid method. Unfortunately that 
method is not reliable if organic material is 
present or if the percent of CO: is much 
higher than one or two percent. 

The method best suited to shales and lig- 
nites is the one described by Hillebrand and 
others (1955). In that method the carbon 
dioxide is liberated with hot dilute acid and 
is then absorbed in caroxite. 

Apparatus and _ reagents—Absorption 
train for carbon dioxide; hydrochloric acid 
(1+1) or orthophosphoric acid (1+4). 

Procedure.—Carefully transfer from 1 to 
5 g of the sample to the digestion flask. 
Connect the apparatus and sweep out the 
flask for 5 minutes with COs:-free air. Con- 
nect the tubes filled with caroxite to the 
train, open the stopcocks and allow phos- 
phoric acid (1+4) to run into the flask, 
slowly if there is much carbon dioxide, rap- 
idly if there is little. Close the stopcock from 
the separatory funnel, start the water run- 
ning through the condenser, and heat the 
contents of the flask until the solution has 
boiled gently for 3 to 5 minutes. Remove 
the heat gradually, open the stopcock from 
the separatory-funnel and sweep out the 
carbon dioxide in the flask with CO+:-free 
air. When it is judged that all the CO: gen- 
erated has been swept out, close the stop- 
cocks in the caroxite filled tube, remove 
from the train, and allow to cool near the 
balance. Vent the tube momentarily, wipe 
dry with a clean, dry cloth and weigh. The 
percent of carbon dioxide may then be 
calculated: 

weight of CO» 


% CoO.=— 

. weight of sample 
DETERMINATION OF IRON AND MOLYBDENUM 
BY FLUORESCENT X-RAY SPECTROSCOPY 
Discussion 

Wherever an instrument is available the 
X-ray fluorescence method is particularly 
suitable for the determination of iron and 
molybdenum. 

Iron and molybdenum are determined 
with a precision of +2 percent. As many as 
50 duplicate determinations can be finished 
in an eight-hour day by one technician. 
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Apparatus 


General Electric XRD-3 X-ray unit, 
lithium fluoride analyzer, tungsten target 
tube, and fluorescence sample holder box. 
Sample holders made from } in. sheet alu- 
minum by machining a rectangular depres- 
sion (2 in. by } in. by 1/20 in.) into a plate 
of aluminum 13 in. by 2 in. 


Iron 


For the determination of iron the tube is 
operated at 50 Kv and 2 ma. The low am- 
perage is necessary to keep the fluorescent X- 
ray intensity within counting rates that can 
be handled by the geiger tube for the total 
range (0.1 percent to nearly 60 percent 
iron). The low amperage gives a very low 
background intensity (about 1.5 counts per 
second). 

Standards are prepared from ashed sam- 
ples. The standard samples are analyzed for 
total iron by the classical volumetric method 
(i.e., digestion with hydrochloric acid, flux- 
ing the insoluble residue with potassium 
pyrosulfate, reduction of the iron with stan- 
nous chloride, and titration with potassium 
dichromate). Each standard is analyzed 
four times in duplicate, and the average 
value of all eight analyses is used as the 
standard value. 

The sample is packed into the aluminum 
sample holder by using a clean glass slide to 
pack and smooth the surface of the sample. 
The iron Ka peak at 57.50° 26 (for LiF) and 
background at 60.0° 20 are used. The num- 
ber of seconds required to record a fixed 
number of counts is measured. Three read- 
ings are taken on each duplicate using a 
fixed count of either 16,384 or 8,192 counts 
depending on the iron content. 

The working curve is plotted as counts 
per second against percent of iron. 


Molybdenum 


Procedure-—Molybdenum is determined 
using the same equipment as that used for 
the determination of iron. Samples are 
ashed to eliminate the hydration effects of 
the organic material and to concentrate the 
molybdenum. For the determination of 
molybdenum, the tube is operated at 50 
KV and 50 ma. Intensities of the fluorescent 
X-rays are read at each of the following 
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positions: Mo Ka at 20.30° 26, ULa at 
26.14° 20, and background at 15.00° 26. 
Molybdenum has the highest characteristic 
radiation energy of any of the elements de- 
tected in the ash so it suffers no enhance- 
ment due to secondary fluorescence. A 
major interference, however, has been found 
in the Mo Ka peak due to the superposition 
of the UL@ peak. It was empirically deter- 
mined that the latter peak has 15 percent of 
the intensity of the ULa peak. The ULa 
peak is therefore measured and 15 percent 
of its intensity subtracted from the com- 
bined intensities of the ULB; and Mo Ka 
peaks; the intensities are determined by 
counting the number of seconds required to 
amass a predetermined number of counts. 
The final, corrected intensity for the molyb- 
denum may then be computed: 


I= [(Imoka—Ig) —0.15(Ivte_I) J, 
where 
I=Corrected intensity 
Iz3= Intensity of background 
ImMoke= Intensity of molybdenum Ka peak 


Ivta= Intensity of uranium La peak 


Ashed lignite samples were analyzed to 
obtain molybdenum values for the standard 
working curve. Those that contained less 
than 0.5 percent molybdenum were deter- 
mined colorimetrically with mercaptoacetic 
acid (Will and Yoe, 1953); those that con- 
tained more than 0.5 percent molybdenum 
were determined by both the colorimetric 
method and by the gravimetric method 
with alpha-benzoinoxime (Knowles, 1932). 
The standard working curve was prepared 
by plotting percents of molybdenum against 
the corrected intensities. 


FLUORIMETRIC ANALYSIS OF URANIUM 


Uranium may be analyzed fluorimetri- 
cally as described by Grimaldi and Levine 
(1954, p. 43-48). The method depends on 
the extraction of uranyl nitrate from a 7% 
nitric acid solution into ethyl acetate using 
aluminum nitrate as a salting out agent. 

Apparatus and reagents.—Galvanek- Mor- 
rison reflectance type fluorimeter, Model 
JA-2600; Gyrotory Shaker Model S3 (New 
Brunswick Scientific Company, New Bruns- 
wick, N. J.) on which an electric muffle 
furnace is mounted; stainless steel rack that 
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fits into the muffle furnace and is designed 
to hold eight platinum fluxing dishes; plat- 
inum dishes; ethyl acetate, reagent grade; 
aluminum nitrate enneahydrate, Baker's 
reagent grade; nitric acid (1+1); hydro- 
fluoric acid, 48%; fluxing mixture: prepared 
by intimately mixing —80 mesh reagent 
grade NaCO; (45.5 g), reagent grade 
K,CO; (45.5 g), and reagent grade NaF (9 
g); volumetric flasks, 50-ml, or 50-ml stop- 
pered graduated cylinders; stoppered test- 
tubes, 30-ml (Scientific Glass Apparatus 
Company, Inc., Bloomfield, N.J.); pipets, 
10-ml, 5-ml, 1-ml (graduated to 0.1 ml). 
Procedure.—Weigh 0.150 g of the sample 
into a flat-bottomed, platinum dish and 
ignite gently until all organic matter has 
burned away. Cool, add 5 ml of nitric acid 
(1+1) and 10 ml of hydrofluoric acid (48%), 
and evaporate to dryness. Cool, add nitric 
acid (1+1) and again evaporate to dryness. 
Repeat the evaporation with nitric acid 
once more. Add 7 ml of nitric acid (1+1) 
to the cooled residue and warm gently until 
all salts are dissolved. Cool and dilute with 
water in a 50-ml volumetric flask or gradu- 
ated cylinder. Mix and transfer 5 ml of the 
solution to a 30-ml stoppered test-tube 
into which exactly 9.5 g of aluminum nitrate 
enneahydrate have been placed. Heat in a 
water bath until the aluminum nitrate is 
completely melted, cool to room tempera- 
ture, and add exactly 10 ml of ethyl acetate. 
Shake the test tube for 1 minute, allow to 
stand for 1 or 2 minutes, and filter through 
a 9-cm filter paper into a small test tube. 
Take care to transfer only the ethyl acetate 
layer. Immediately pipet 0.8 ml of the 
filtered ethyl acetate into a flat platinum 
fluxing dish (May and Fletcher, 1954, 
p. 103). Burn off the ethyl acetate in a 
shallow pan lined with water-soaked paper 
napkins, heat gently on a small hotplate to 
remove any acetic acid, and add 2.0 g of 
carbonate-fluoride flux. Place the fluxing 
dishes in the stainless steel rack and transfer 
to the muffle furnace which has been pre- 
heated to 650° C. Allow the flux to just melt 
and then set the gyrotory shaker for 2 min- 
utes (longer heating periods have been found 
unsatisfactory because of the solution of 
platinum in the melt). When the shaker 
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stops, allow a few seconds for the melted 
flux to run down from the sides into the 
dish; remove the rack from the furnace being 
careful to keep the flux level in the dishes 
until the melt has solidified. As soon as the 
melt has crystallized, place the dishes on an 
asbestos board until cool and then transfer 
them to a desiccator. After 15 minutes, re- 
move the pads containing the uranium 
from the platinum dishes and read the per- 
cent of fluorescence. 

Melts containing known amounts of 
uranium and a blank may be used to estab- 
lish a standard curve. From the standard 
curve, the micrograms of uranium in the 
unknown melt can be determined and the 
percent of uranium may be calculated: 


_ Micrograms U in unknown melt 
% U= ; ; x 100 
Aliquot X Sample weight 





SPECTROCHEMICAL ANALYSIS OF TRACE 
ELEMENTS 


The quantitative determination of trace 
elements in lignite ash, shales, and silicates 
is most easily accomplished as described by 
Ahrens (1955). 

Synthetic standards may be used to pre- 
pare the emulsion calibration curves and the 
working curves. The major elements in 
shales, lignite ash, and silicate rocks are 
usually SiOe, FexO3, Al,O3, CaO, MgO, K2O, 
and Na,O. Taking the average values of 
these elements as determined quantitatively 
for a large number of samples, synthetic 
standards may be carefully prepared from 
spectrographically analyzed reagents ob- 
tained from Jarrell-Ash Company, Newton- 
ville. 60, Massachusetts. A series of stand- 
ards containing exactly 1.0, 0.5, 0.2, 0.1, 
0.05, 0.02, 0.01, 0.005, 0.002, 0.001, 0.0005, 
and 0.0001 percent of the elements to be 
determined may then be prepared. These 
are used to prepare calibration and working 
curves. 

As recommended by Ahrens, the elements 
should be divided into two groups. One 
group of elements, containing Ba, Co, B, 
Cr, Be, Mo, Mn, Ni, V, Sr and Zr, is referred 
to as the ‘‘involatile’”’ group. The other, con- 
taining Pb, Ag, Cu, Zn, Sn, Bi, Ge, As, and 
Sb, is referred to as the ‘‘volatile’’ group. 
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The “involatile’’ elements may be an- 
alyzed by using palladium as the internal 
standard. A buffer mixture is prepared by 
mixing one part of palladium to one thou- 
sand parts of powdered carbon. Ten mg of 
this mixture is added to 5 mg of sample. 
Using the d-c arc with a current of 9.5-10 
amperes and 120 seconds total burning 
time, the author found the best electrode 
to be jin. HP graphite. Eight exposures and 
an iron reference exposure can be recorded 
on a 4-inch emulsion plate. 

The ‘‘volatile’’ elements may be deter- 
mined by using indium oxide as the internal 
standard. Two percent indium oxide is 
added to potassium sulfate, and one percent 
of this mixture is added to the sample. A } 
in. HP graphite electrode is used with a cur- 
rent of 4-5 amperes and a total burning 
time of 30 seconds. 


RESULTS AND DISCUSSION 


The methods described have been tested 
by analyzing two National Bureau of 
Standards samples, one argillaceous lime- 
stone and one plastic clay. The results ob- 
tained are listed in table 1. These are the 
averages of four determinations. 

To further test the precision that can be 
expected, the data obtained for the un- 
known samples analyzed were subjected to 
statistical analysis. The standard deviation 
of each element was calculated from 
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The results, in terms of percent of the de- 
termined value, were: silicon +1%, iron 
+2%, titanium +2%, aluminum +2%, 
calcium +1%, magnesium +3%, phos- 
phorus +0.3%, uranium +2%, carbon 
+0.8%, sulfur +1% and CO. +3%. In all 
but the lower concentration ranges the re- 
producibility was well within the limits re- 
ported. 

All of the methods described have been 
applied successfully to the analysis of shales 
and lignites in this laboratory. 
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COLUMNAR CONTEMPORANEOUS DEFORMATION! 


CLYDE T. HARDY anp J. STEWART WILLIAMS 
Utah State University, Logan, Utah 


Small-scale columnar structures (fig. 1), 
due to contemporaneous deformation, are 
remarkably well-formed at one known local- 
ity in the Ute Formation of Cambrian age 
in the Wasatch Range of northern Utah. 
The exposure about 5 miles north of 
Brigham City, Utah, on the northern side 
of a canyon which dissects the exceedingly 
steep western front of the Wasatch Range. 
An abandoned concrete building may be 
seen in this canyon from the highway north 
of Brigham City; the columnar structures 
are readily accessible near a mine dump a 
short distance beyond the building. The Ute 
Formation, on the northern side of the can- 
yon, is separated from the Brigham quart- 
zite and overlying Langston Formation, on 
the southern side, by a high-angle fault 
which trends east-northeast. 

The best-formed columns occur in two 
stratigraphic intervals of interbedded, thin- 
bedded, gray limestone and brown-weather- 
ing, silty limestone. The upper interval, 
just west of the mine dump, is about 5 ft 
thick. It may be seen at places for a consid- 
erable distance westward to the mountain 
front and also just east of the mine dump. 
The lower interval, about 2 ft below the 
upper, is only about 1 ft thick and has been 
seen only in the outcrop just west of the 
mine dump. Individual columns average 6 
to 8 inches in diameter although composite 
columns are larger in diameter. The longer 
columns are 3 to 4 ft in length (fig. 1). Cross 
sections range from circular to oval al- 
though flat sides frequently impart a polyg- 
onal aspect. In the upper interval, columns 
take form in the lower foot or so of disturbed 
beds. In general, small columns occur just 
above a basal, undisturbed unit of thin- 
bedded, gray, limestone and brown, silty 
limestone; the longer columns begin at 
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slightly higher levels. A group of columns, 
separated by undisturbed beds on either 
side, has undisturbed beds below and a 
slightly arched massive bed of brown, silty 
limestone above. In the case of one particu- 
larly outstanding column (fig. 2), the lower 
end terminates at a bedding plane which is 
slightly deformed downward. Strata adja- 
cent to the column, near the lower end, are 
also turned downward. Stratigraphically 
higher the beds marginal to the columns 
are markedly turned upward, and the imme- 
diately overlying layers are slightly domed. 
In this case, the column appears to have 
been pushed upward slightly so as to trun- 
cate adjacent beds; however, in numerous 
other examples, bedding planes may be 
traced across several columns (fig. 3). The 
latter relation shows that the columns were 
not formed by material moving upward 
from a basal mobile layer. 

Certain structural details of the columns 
and intervening areas are particularly sig- 
nificant. Bedding planes within columns are 
highly arched upward, and a silty cap cov- 
ers the upper end of many columns. Silty 
layers become thinner above individual col- 
umns and thicken in intervening areas. The 
columns consist almost entirely of gray 
limestone even though surrounding beds 
are interbedded limestone and silty lime- 
stone. These relations show that the col- 
umns were formed, as successive silty layers 
were thinned, by lateral migration of grains 
bringing the layers of limy mud together. 
Continued upward deformation arched the 
internal bedding planes and, in some cases, 
truncated marginal beds. In this way, beds 
above individual columns have been slightly 
arched and thinned. The columns in no way 
resemble algal structures but do resemble 
the columnar structures of limestone in 
western Montana, mentioned by Dorf and 
Lochman (1940, p. 545). 





Fic. 1.—Columnar structures west of mine dump. 


Factors, which have localized individual mud cracks might be involved; however, no 
columns, remain obscure. The polygonal indication of these features has been found. 
aspect of many columns first suggested that As already noted, strata overlying groups 
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of columns are arched upward slightly and 
those over the intervening undisturbed 
areas are depressed slightly. The relation 
suggests that downward movement in the 
intervening areas may have caused material 
of a basal mobile layer to rise at numerous 
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loci in such a way that the immediately 
overlying silty layer was thinned above 
each. As this effect extended upward, suc- 
cessive overlying limy layers were forced 
together and columnar structures resulted. 
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POSSIBLE EDDY MARKINGS IN THE SHINARUMP 
CONGLOMERATE OF NORTHEASTERN UTAH! 





J. KEITH RIGBY 


Brigham Young University, Provo, Utah 





Odd spiral markings from rocks of vari- 
ous ages and from various areas have been 
described and related to meandering worms 
or other crawling organisms. Recently a dif- 
ferent type of spiraling impression in sand- 
stone of the Triassic Shinarump conglom- 
erate was discovered and photographed by 
Mr. Leo Thorne of Vernal, Utah. The mark- 
ings are exposed in a small gully approxi- 
mately 10 miles north of Vernal on the 
southern flank of the Uinta Mountains. 

The spiral impression consists of numer- 
ous superimposed loops which are from one 
to three feet in diameter. These loops are 
cut approximately one-quarter to one-half 
of an inch into the sandstone bedding sur- 
face. Where successive loops overlap, small 
ridges or dams develop, indicating that the 
material was still plastic at the time of 
origin. In figure 1 the progression of the 
scriber was from right background toward 
the left foreground, with some retrograde 
motion. Chattering or vibratory movement 
of the scriber is shown by the rhythmically 
irregular pattern of the impression (fig. 2). 

Origin of the impression is not certain. 
The author believes that it resulted from 
dragging of a small limb of a larger floating 
log caught in a vortex or eddy current of 
the stream which deposited the sandstone. 
It might have resulted from movement of a 
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Fic. 1.—Bedding surface of Shinarump con- 
glomerate inscribed by looped impressions 
thought to have resulted from dragging branches 
caught in a stream eddy current. Scale is shown 
by pocket knife. Photograph by Leo Thorne, 
Vernal, Utah. 
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pebble or stick caught in circular winds of a 
“dust devil’ after the sands had been ex- 
posed along the stream bank but were still 
wet and plastic. There is little to suggest it 
might have been the result of life activities 
of an organism. 
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Fic. 2.—Details of impression showing pat- 
tern of overlap of loops and blocking of older 
loops by younger ones. Length of photograph 
represents a distance of two feet. (Photograph 
by Leo Thorne of Vernal, Utah.) 


STATISTICAL STUDY OF HEAVY MINERALS IN SANDS OF THE SOUTH 
RIVER, AUGUSTA COUNTY, VIRGINIA: REVISION AND NOTES! 


DOROTHY CARROLL 


U.S. Geological Survey 


It was brought to my notice by Dr. R. D. 
Crommelin, Stichting voor Bodemkartering, 
Wageningen, Holland, that there seemed to 
be an error in the calculations given in table 
6 of my paper describing a statistical study 
of sands from the South River, Augusta 
County, Virginia (Carroll, 1957). I had al- 
ready noticed that there were a number of 
typographical errors in some of the tables. 
The paper as published was necessarily con- 
densed because it contained a number of 
different analyses concerned with various 
aspects of the heavy mineral assemblages. 
The corrections given here do not invalidate 


1 Publication authorized by the Director, U. S. 
Geological Survey. Manuscript received March 
14, 1959. 


, Washington 25, D. C. 


the general results nor the methods of ob- 
taining them. 

The data for table 6 on page 397 of the 
original article have been re-calculated and 
corrected as shown in table 6, revised. 

The F values resulting from the figures 
in table 6 and given on page 396 now read: 
H (i) A/B=52.26/32.54=1.61; F.95(1, 8) =5.32 
H (ii) B/C =32.54/1.97 = 16.52**; F 99(8, 30) = 3.17 


The F value for (i) is not significant and the 
hypothesis is not rejected. Figure 4 illus- 
trates this point. The F value for (ii) is 
highly significant at the 1 percent critical 
value of the F distribution (Dixon and 
Massey, 1951, table 7, p. 310-313) and the 
hypothesis is rejected. The geological impli- 
cations of these tests are: (1) the weight of 
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TABLE 6, REVISED.—A nalysis of variance of heavy residue in the 0.12- to 0.06-mm grade 


Source 


(A) Between sices of main stream 
(RB) Petween tributaries on a side 
(C) Petween samples within a tributarv 


the heavy residue being added from each 
side is not significantly different; and (2) the 
weight of the heavy residues is a significant 
property of the tributaries and can be used 
to differentiate one from another (see fig. 3). 


I. (2a) Frequency of occurrence of opaque 
grains (number percent) in the 0.12- 
to 0.06-mm grade (p. 396) 


The statement originally given here is a 
condensed account of the procedure used to 
obtain the analysis of variance from the 
data. In order to save space all the figures 
for counts were omitted. 

The percent of opaque grains for each 
sample from tributaries on the north side is 
listed in table 2, and for the tributaries on 
the south side in table 3. The figures from 
which these are derived, namely the percent 
of opaque grains in each quadrant count for 
each sample from each locality, were used 
for the analysis of variance in table 7, p. 
398. This analysis of variance tests the 
hypotheses which are described on pages 
396 and 397. Correct statements of the ob- 
served F ratios are given below: 

H (i) F (1, 8)=2.86 NS 
H (ii) F (8, 30) =4.0* 
H (iii) F (30, 80) =5.7** 


I. (2b) Frequency of occurrence of zircon 
(number percent) in the 0.12- to 
0.06-mm grade sands. (p. 397) 


The same condensed form of statement 


Sum of 
squares 


Mean 
square o? 


Degrees of 
freedom 


52.26 
240 . 30 
59.18 


52.26 
32.54 
1.97 


about the data for the zircon grains was 
used as for the opaque grains. Sections I. 
(2a) and I. (2b) should be similar. The anal- 
ysis of variance for content of zircon is 
given in table 8, p. 398. See revised table 8, 
herewith. 
The correct values for the F ratios are as 
follows: 
H (i) F (1, 8)=0.01 NS 
H (ii) F (8, 30) =7.3** 
H (iii) F (30, 80) =6.2** 


The geological interpretation of the re- 
sults of the analysis of variance is not altered 
by the errors in calculation of the F values. 


I. (4) Variation in frequency of occurrence of 
the different types of zircon in the 0.12- 
to 0.06-mm grade sands. p. 398 and 
399. 

There are insufficient data given in table 
4, p. 396, for calculation of analyses of vari- 
ance of the different types of zircon. Theanal- 
yses of variance were calculated from the 
counts for the slides, whereas the figures in 
table 4 are counts averaged for the 4 samples 
from each tributary. Recalculation of the 
analyses of variance for zircon types (1), (5), 
and (6) in table 9 (p. 399) gives the revised 
table 9. 

There are some changes also in the inter- 
pretation of the results of table 9. Zircon, 
Type 1 (well-rounded; polished or matt 
surfaces) 


TABLE 8, REvIsED.—A nalysis of variance of content of zircon (percent by number) 
in the 0.12- to 0.06-mm grade sands 


Source 


(A) Between sides of main stream 
(B) Between tributaries on a side 
(C) Between samples (slides) within a tributary 
(D) Between quadrants (counts) within a slide 


Mean 
square o? 
16.87 
1,569.95 
216.3 
34.74 


Sum of 
squares 


Degrees of 
freedom 


12,559.63 
6,489.11 
2,779.33 
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TABLE 9, REVISED.—A nalyses of variance of zircon types 1, 5, and 6 in the 0.12- 
to 0.06-mm grade sands 





Source 


Mean 
square o? 


Sum of 
squares 


Degrees of 
freedom 





ZIRCON (1) 
Between sides of main stream 
Between tributaries on a side 
Between samples within a tributary 


Zircon (5) 
Between sides of main stream 
Between tributaries on a side 
Between samples within a tributary 


ZIRCON (6) 
Retween sides of main stream 
Between tributaries on a side 
Between samples within a tributary 


H (i) F (1, 8)=8.80** 
H (ii) F (8, 30) =7.65** 


Zircon, Type 5 (grains with 
wear) 


moderate 


H (i) F (1, 8)=2.81 NS 
H (ii) F (8, 30) =2.87 NS 
There is no significant difference between 
the two sides of the main stream or between 
the individual tributaries on a side. Such 
zircon is of little diagnostic value or interest 
in the heavy mineral assemblages as a whole. 
Zircon, Type 6 (angular grains with very 
slight wear on the crystal faces) 
H (i) F (1, 8)=1.39 NS 
H (ii) F (8, 30) =6.04** 


There is no significant difference between 
the two sides of the main stream for Type 6 
zircon, but there is a highly significant dif- 
ference between the individual tributaries. 
The remainder of this paragraph as it is 
printed on page 399 is correct. 


II. (3a) Quantity of opaque grains as a 
weight percent of the total heavy resi- 
due in the 0.12- to 0.06-mm grade 
sands. p. 400. 


Table 11 is correct. In evaluating the 
relation between the south side and the 
north side tributaries, the correct statement 
is: 


F .995(4, 4) =23.2 and not F995 (1, 8) = 14.7. 


There is a highly significant difference at 


2235 .03 
2031.1 
995 .25 


2235.03 
253.89 


483 .03 
1015.20 
1325.75 


265 .23 
1528.8 
949.75 


31.66 


the 1 percent level. Recalculation of vari- 
ance between the north-side and south-side 
tributaries omitting the large contribution 
of tributary 12 gives: 
_ 0.0446 


fF =——— = 1.24 NS 
0.036 


F975(3, 4) =9.98, 


showing that there is no significant differ- 
ence (at the 5 percent level) of the weight of 
opaque grains contributed by these tribu- 
taries on either side of the main stream. 

This result can be inferred from geologi- 
cal observation and it is interesting to find 
that the statistical analysis strengthens the 
geological observation. 


II. (3b) Quantity of zircon grains as a weight 
percent of the total heavy residue in 
the 0.12- to 0.06-mm grade sands. 
p. 400. 


Table 13 on page 401 has been correctly 
calculated. The relation between the con- 
tribution of the north-side and south-side 
tributaries (p. 400) is: 

0.1487 


F=———=19.8* 
0.0073 


F .975(4, 4) =9.60. 


There is a significant difference at the 5 
percent level between the weight of zircon 
added from either side. 

It is hoped that the interpretations of the 
statistical evaluation of the data in the 
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original paper will help geologists to use 
statistics in heavy mineral studies. The 
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study points the way to a more rigorous use 
of the facts obtained from grain counts. 
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REVIEW 


Clays and Clay Minerals, Fifth National 
Conference on Clay and Clay Minerals. 
Edited by Ada Swineford, 1958. Pp. vii 
+360 pages, 158 figs., 60 tables; 6494 
in. Cloth. National Academy of Science- 
National Research Council Publication 
no. 566, Washington. Price $4.50. 


The papers presented in the annual pro- 
ceedings of the Fifth National Conference 
on Clays and Clay Minerals upholds the ex- 
cellent quality of papers presented at the 
preceding four meetings. This conference 
was sponsored by the Committee on Clay 


Minerals of the National Academy of Sci- 
ence-National Research Council and the 
University of Illinois. The meeting was held 
at the University of Illinois on 8, 9, and 10 
of October, 1956, and was organized by a 
local committee under the chairmanship of 
Dr. William F. Bradley. 

Just a cursory glance at the Index to the 
publication will indicate that the papers 
presented include data on geology, min- 
eralogy, crystallography, soil physics, phys- 
ics, colloidal chemistry, ceramics, and allied 
branches and fields. It, therefore, is impossi- 
ble to review each paper. An itinerary of a 
field trip to the locality of the famous 
Fithian illite is included and 27 papers are 
presented by 44 authors. Seventeen papers 
deal primarily with properties of clay min- 


erals, i.e., clay-water systems, clay-organic 
systems, thermal properties, ion exchange, 
surface area determinations, plasticity, etc. 
and ten papers are concerned primarily 
with the origin, distribution, and occurrence 
of clay minerals. 

In most cases each paper presents new 
data and ideas that may be classified under 
several headings. In the following list of 
subjects, the number in the parentheses 
indicates the number of papers presenting 
information about that subject: 


. Clay-water systems (4), 

. Clay-organic systems (4), 
Thermal properties and high tempera- 
ture phases (3), 
New techniques and laboratory pro- 
cedures (6), 
Clay mineral lattices and structures 
(10), 

. Origin of clay minerals (9), 

. Occurrence of clay minerals (7), 

. Clays in soils (3), 

. Clay minerals and diagenesis (3). 


This publication is a very welcome addi- 
tion to the growing literature on clays and 
clay minerals. 


Joun B. DrostTE 
Indiana University 
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ANNOUNCEMENTS 


CALL FOR PAPERS TO BE PRESENTED AT 1960 ANNUAL MEETING OF 
SOCIETY OF ECONOMIC PALEONTOLOGISTS AND MINERALOGISTS 


The Annual Meeting to be held in At- 
lantic City on April 25-28, 1960, will include 
the following programs: 


(1) RESEARCH COMMITTEE SYM- 
POSIUM, ‘Paleontological and Min- 
eralogical Evidence for Polar Wan- 
dering and Continental Drift’; 1 
day. 

Chairman: A. C. Munyan, Sohio Petro- 
leum Company, P.O. Box 2558, Bill- 
ings, Montana. 

(2) PALEONTOLOGY AND STRATIG- 
RAPHY; 1 day. 

Chairman: P. Tasch, Department of 
Geology, University of Wichita, 


EIGHTH NATIONAI 


The Eighth National Clay Conference 
will be held on October 12, 13, and 14, 1959, 
on the University of Oklahoma campus at 
Norman, Oklahoma under the auspices of 
the Clay Minerals Committee of the Na- 
tional Academy of Sciences—National Re- 
search Council. 

A field trip will be arranged for either 
Sunday, October 11 or Thursday, October 
15, probably to the Wichita Mountains in 
southwest Oklahoma to visit clay occur- 
rences of geological interest. 

Two symposia of invited papers will be 
held on the subjects of ‘‘Clay-Water Sys- 


Wichita, Kansas. 
(3) MINERALOGY AND SEDIMEN- 
TARY PETROLOGY; 1 day. 
Chairman: A. L. Kidwell, Jersey Pro- 
duction Research Corporation, Tulsa, 
Oklahoma. 


Readers are encouraged to submit titles 
and abstracts (up to 350 words) for papers 
submitted for scheduling on the programs. 
Papers by non-members of S.E.P.M. must 
be sponsored by a Society member. The 
deadline for titles and abstracts is October 1, 
1959. Please submit them directly to the 
appropriate program chairman, as listed 
above. 


. CLAY CONFERENCE 


tems’ and “Clay Mineral-Geochemical 
Prospecting Methods.”’ In addition to these 
special symposia there will be general ses- 
sions of contributed papers. All those having 
contributions should contact Professor C. G. 
Dodd, Chairman, Eighth National Clay 
Conference, University of Oklahoma, Nor- 
man, Oklahoma. The title and a letter of 
intent should be sent in by June 20, and a 
250 word abstract by July 1. 

Further information and a preliminary 
announcement of the Conference may be 
obtained by writing Professor Dodd. 
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SOCIETY RECORDS AND ACTIVITIES 


REPORTS AND MINUTES OF THE THIRTY-THIRD ANNUAL MEETING 
OF THE SOCIETY OF ECONOMIC PALEONTOLOGISTS 
AND MINERALOGISTS 


The thirty-third annual meeting of the So- 
ciety of Economic Paleontologists and 
Mineralogists was held in the Dallas Memo- 
rial Auditorium, Dallas, Texas, March 16- 
19, 1959, in conjunction with the annual 
meeting of The American Association of 
Petroleum Geologists. 

The Society’s program consisted of papers 
on Concepts of Stratigraphic Classification 
and Correlation; Paleontology and Stratig- 
raphy; and Sedimentary Minerology and 
Petrology. 

At a joint session on Tuesday morning, 
March 17, Gordon Rittenhouse, President of 
the S.E.P.M., presented the following ad- 
dress: 


THERE IS A REASON 


Mr. Chairman, fellow members of S.E.P.M 
and A.A.P.G, and guests, if I werea preacher 
instead of a geologist, I might take for my 
text today the words ‘‘There is a reason.” I 
am not a preacher, of course, but as some of 
you know, I have been somewhat ofa mission- 
ary within our profession for a way of think- 
ing about rocks—or if you wish, a philosophy 
about how to look at rocks. This philosophy 
or way of thinking is not new—certainly it is 
not original with me but antidates by far my 
entrance into the field of geology some 30 
years ago. 

What is this way of thinking—this philos- 
ophy? It is based on the assumption that 
rocks as they occur today did not just hap- 
pen, but that there is a reason for their be- 
ing what they are and where they are. What 
rocks are and where they are is due to a com- 
bination of physical, chemical, and biological 
factors that have acted through time ac- 
cording to definite laws. These factors have 
left their imprints on the rock in varying de- 
grees and, from these imprints or clues, the 
past history of the rock may be recon- 
structed with varying degrees of success. 
This reconstruction of the total history of 
the rock is to me of paramount importance. 
To do it one needs not only to observe and 


ask ‘“‘why’’; one must believe ‘“‘There is a 
reason.” 

This may seem quite simple—something 
that we all do—and therefore you may be 
wondering why I am talking about it today. 
It is simple—but it certainly is not some- 
thing we all do. 

Let me illustrate this with two examples. 
I keep on my desk a piece of core that I call 
my “Separator of Men from Boys.”’ I have 
given many budding geologists fresh from 
more than a score of universities a hand lens 
and knife and asked them to study this core 
for a few minutes and then to describe it, to 
give the rock a name, and to indicate what 
geological history can be deduced from it. I 
have found few ‘‘Men”’ and many “Boys.” 
Less than half recognized that information 
about the relief, the climate, and the kind 
and age of rocks in the source area can be de- 
duced from the kind and size of pebbles, or 
that size, sorting, and rounding of the peb- 
bles suggest a relatively short distance of 
transport and deposition under fluvial con- 
ditions, probably in an alluvial fan. 

Fewer than one in ten recognized that the 
orientation of the pebbles indicates that the 
beds are almost vertical, or that low porosity, 
close packing, and the kinds and number of 
contacts between pebbles indicate extensive 
post-depositional modification. Most of 
those young geologists were not asking them- 
selves ‘‘What properties does this rock have 
that will tell where it came from, how and 
under what environmental conditions was it 
formed, and how has it been changed since it 
was deposited?” Nor were they saying 
“There is a reason’”’ why it is like it is today. 

As a second example, I might point to de- 
scriptions of measured sections. In publica- 
tions these commonly read “sandstone, 
brown, fine-grained, cross-bedded, 14 feet,”’ 
and I have no reason to believe the descrip- 
tions are more extensive in many field note- 
books. Here we have major lithology, color, 
size of grain, and the presence of a primary 
structure. For distinguishing this bed from 
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those above and below, or for comparing it 
or the beds in a sequence, with beds in an- 
other measured section this may appear to 
be adequate, in fact, may appear to be a first 
very necessary step. But is it adequate? 
From the terms ‘‘sandstone’’ and ‘‘fine- 
grained” it may be inferred that the agent of 
deposition was a current of moderate veloc- 
ity. What kind of current and what was its 
direction of flow? I submit that these are im- 
portant questions to answer, since the an- 
swers may bear on selection of where to 
measure the next section or how the litho- 
logic variations between sections are to be 
explained. In our example, cross-bedding 
may be a useful clue. But what do we know 
from just the word ‘‘cross-bedded’’? Our an- 
swer may come from the direction of dip of 
the cross-beds, their inclination, their thick- 
ness and lateral extent, and their relation to 
beds above and below. 

I might follow this example further, using 
the lack of information on composition con- 
veyed by the broad term ‘‘sandstone” and 
the lack of information on how much indura- 
tion has occurred and what caused the in- 
duration. I hope, however, that I have made 
my point; namely, that it is common to over- 
look may clues that could be used in re- 
constructing the history of rocks because we 
are not wondering what they mean nor 
assuming that ‘There is a reason.” 

In looking at any rock we have some pur- 
pose—and a limited time in which to achieve 
that purpose. Therefore we cannot describe 
everything—we must be selective, observing 
or measuring those features of the rock that 
will permit us to accomplish our purpose. In 
making this selection we are guided by our 
past experience—and by our way of thinking 
about rocks. 

When our objective is limited, such as in 
identifying a subsurface structural datum, 
our choice may be easy, because our past ex- 
perience or that of others may indicate what 
to look for. Generally little thought is re- 
quired to identify the datum—although 
much thought may be needed to interpret 
what the position of the datum means. 

When our objective is broader, the choice 
may be more difficult, requiring a combina- 
tion of past experience and a way of thinking 
about rocks. Thus in our “‘sandstone, brown, 
fine-grained, cross-bedded, 14 feet’’ example, 
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reliance is being placed on past experience 
but this time with the hope of accomplishing 
the purpose, experience having shown that 
useful geological interpretations may be 
made in some cases if vertical and lateral 
variations in lithology are known. Outlining 
lithologic geometries may be a powerful tool, 
particularly in subsurface work—provided 
enough control points are available to define 
the geometry and provided we know what 
the geometry means when we have it. Com- 
monly our control is not adequate, and how 
we interpolate between control points to out- 
line the geometry will depend on our way of 
thinking about rocks. 

All too often, past experience is substi- 
tuted for thought—not made its partner. Be- 
cause certain types of observations or meas- 
urements have contributed to the successful 
solution of problems in the past, they are se- 
lected and applied indiscriminately to new 
problems. Here we have one type of ‘“‘shot 
gun’’ approach, based on a_ philosophy 
which, in effect, says “If we can make 
enough observations on enough rocks, put 
them in a machine and turn the crank, some- 
thing useful may come out.”’ To some, this is 
the ‘‘modern statistical approach” to geo- 
logical problems. This maligns statistical 
methods—which can be valuable in geology 
—though not as a substitute for thinking. 
Since this approach does not reach the ob- 
jective in a minimum of time, if at all, it is 
wasteful of time, manpower and money. | 
prefer the ‘‘There is a reason’”’ philosophy. 

In selection of features that may be sig- 
nificant in rocks, we are faced with ever in- 
creasing knowledge in geology and related 
sciences, and ever increasing specialization. 
In looking at rocks and at problems involv- 
ing rocks there is an increasing tendency to 
look at specialized aspects of the rock, rather 
than at the rock as whole. The sands ‘“‘be- 
long”’ to one specialist; the clays, the car- 
bonates, the isotopes, the trace elements and 
various fossil groups, to others. Specializa- 
tion has great potentialities for our science, 
since it can lead to a better understanding of 
the physical, chemical, and biological factors 
that have made rocks what they are today. 
But it has great hazards as well. Let’s not 
forget how the elephant appeared to the 
three blind men—like a wall, like a post, like 
a snake. Just as we need to consider the en- 
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tire elephant, we need to consider the entire 
rock—putting each type of observation and 
deduction in its proper perspective. 

With an increasing number of things to 
observe or measure, it becomes increas- 
ingly important to make the proper choice— 
the choice that will permit us to reach our 
objective in the time available. To me the 
obvious procedure is to go from the simple to 
the complex, from the rapid to the slow, 
from the less expensive to the more expen- 
sive. In general, but not always, this will 
mean going from the large to the small, from 
the visible to the invisible, from the direct to 
the indirect. There is no magic formula, no 
“gimmick,” that will indicate what to look 
for or when. This will depend on the prob- 
lem, the purpose, the time, the material 
available, and the way one thinks about 
rocks. Because | am firmly convinced that 
what rocks are and where they are has re- 
sulted from a combination of physical, chem- 
ical, and biologic factors that have acted 
through time according to definite laws, and 
that those factors have left their imprints on 
the rock in varying degrees, I believe that as 
we study rocks we should observe, ask 
‘“‘why’’ and remember ‘‘There is a reason.” 
Thank you. 


Also, at the joint session on Tuesday 
morning, President Rittenhouse presented 
an honorary membership award to Hen- 
ryk B. Stenzel, a past-president of the So- 
ciety. The award consists of a certificate and 
the receipt of both of our Journals for life. 

Dr. Stenzel was born February 7, 1899, in 
Pabianice, Poland. His formal education was 
received at Schlesische Friedrich Wilhelms 
Universitaet, at Breslau, Germany, where he 
was granted a Ph.D. degree in 1922. For two 
years after his graduation, he was an assist- 
ant at the Geological Insitute of the Univer- 
sity at Breslau. He then came to the United 
States and to the Agricultural and Mechan- 
ical College of Texas where he was an in- 
structor and later was promoted to assistant 
professor. He remained here from 1925 to 
1934, at which time he accepted a position 
with the Bureau of Economic Geology at the 
University of Texas, Austin, serving in this 
capacity for twenty years. For seven years 
during this period he also taught geology at 
the University, holding the title of ‘‘Profes- 


Henryk B. STENZEL 
Honorary Membership 


sor of Geology.” From 1954 to 1957 he was 
‘‘Special Professor of Geology”’ at the Uni- 
versity of Houston. 

Dr. Stenzel’s publications include articles 
on tectonics of intrusive granite bodies, areal 
geology, tertiary stratigraphy and paleontol- 
ogy, decapod crustacea, and fossil ostreidae. 
He holds membership in many professional 
organizations, among them: Geological So- 
ciety of America (Fellow), Paleontological 
Society (member, president in 1955), Amer- 
ican Association of Petroleum Geologists 
(member, served on Business Committee, 
Medal Award Committee, and Research 
Committee), and the Malacological Society 
of London. 

In 1929 Dr. Stenzel joined the S.E.P.M. 
He served as its Secretary-Treasurer from 
1939 until 1949 when he was elected Presi- 
dent of the Society. 

Dr. Patrick H. Monaghan was the recip- 
ient of the first award to be presented by the 
S.E.P.M. for a ‘‘Best Paper at the Conven- 
tion.”’ President Rittenhouse presented him 
with a book of his choice, The Oceans, for his 
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Dr. Patrick H. MONAGHAN 


Best Paper at 1958 
Los Angeles Convention 


paper, ‘‘The Solubility of CaCO; in Salt 
Water,’’ presented at the 32nd Annual 
Meeting of the Society in Los Angeles. His 
paper was judged, by a committee of five, on 
content, organization, originality, and pres- 
entation. 

Now senior research engineer, production 
research division of the Humble Oil and Re- 
fining Company of Houston, Texas, Dr. 
Monaghan was born July 25, 1922, in Mem- 
phis, Tennessee. He received a B.S. degree in 
chemical engineering from Louisiana Poly- 
technic Institute in 1943; in 1949 he was 
awarded a master’s degree in chemistry from 
Louisiana State University and a Ph.D. de- 
gree was conferred upon him by the same 
University in 1950. 

Dr. Monaghan was a Radar Officer with 
the U. S. Marine Corps from 1943 to 1946, 
at which time, upon his discharge, he became 
associated with the Sperry Gyroscope Com- 
pany as field engineer. In 1947 he entered 
L.S.U. Graduate School to work toward his 
doctorate in chemistry. He has been em- 
ployed by Humble since 1950. 


A number of chemical publications by Dr. 
Monaghan have appeared in A nalytical Chem- 
istry. In addition to the paper which is the 
subject for this award, Dr. Monaghan pub- 
lished an article in the S.E.P.M.’s Quarterly 
Journal, the Journal of Sedimentary Petrol- 
ogy, entitled, ‘The Origin of Calcareous 
Ooliths’’ (Volume 26, Number 3). 

Dr. Monaghan became an associate mem- 
ber of the S.E.P.M. in 1955. He is also a 
member of the American Chemical Society 
and The American Institute of Mining, 
Metallurgical and Petroleum Engineers. 

In addition to the above awards, S.E.P.M. 
Research Committee Chairman, Grover E. 
Murray, presented the Society’s Award for 
the Best Paper for 1957 in the Journal of 
Paleontology to Helen Tappan and Alfred R. 
Loeblich, Jr., husband-wife team, for their 
paper entitled, ‘Correlation of the Gulf and 
Atlantic Coastal Plain Paleocene and Lower 
Eocene Formations by Means of Planktonic 
Foraminifera,’’ which appeared in the No- 
vember issue, Volume 31, Number 6. Dr. 
Murray also presented the award for the 
Best Paper for 1957 in the Journal of Sedt- 
mentary Petrology to Raymond Siever, for 
his paper entitled, ‘‘Pennsylvanian Sand- 
stones of the Eastern Interior Coal Basin,” 
published in the September issue, Volume 
27, Number 3. 

The Best Paper Awards are the fifth to be 
presented by the S.E.P.M. They consist of a 
certificate given to the author whose paper, 
appearing in the Journals during the second 
preceding year, is judged by the Research 
Committee to be the most outstanding con- 
tribution of the year. 

Born in Birmingham, Alabama, on August 
15, 1914, Dr. Loeblich attended Oklahoma 
University where be obtained both B.S and 
M.S. degrees in geology (1937 and 1938 re- 
spectively). A year after receiving his Ph.D. 
degree from the University of Chicago, in 
1941, Dr. Loeblich entered the U. S. Army 
as a Field Artillery Captain, serving in the 
New Hebrides, Okinawa, and Philippine Is- 
lands. Upon his discharge in 1946, Dr. Loeb- 
lich became associate curator of Invertebrate 
Paleontology and Paleobotany at the U. S. 
National Museum in Washington, D. C., 
where he remained until 1957 when he ac- 
cepted his present position at California Re- 
search Corporation. 
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Loeblich has published over 50 articles on 
foraminiferal faunas, morphology and taxon- 
omy, bryozoa, and stratigraphy in the Jour- 
nal of Paleontology, A.A.P.G. Bulletin, 
Micropaleontology, Bulletin of American Pa- 
leontology, U. S. National Museum Bulletin, 
and many others. 

In addition to his membership in the 
S.E.P.M., Dr. Loeblich is a member of The 
American Association of Petroleum Geol- 
ogists and the Paleontological Society. He is 
a fellow in the Geological Society of America, 
Cushman Foundation for Foraminiferal Re- 
search, and the Washington Academy of 
Science. He is also a member of numerous 
foreign professional organizations, Sigma 
Xi, and Phi Beta Kappa. 

Dr. Loeblich was appointed a member of 
S.E.P.M.’s Research Committee in 1957, 
serving as vice-chairman for that year. His 
three-year term on this committee will ex- 
pire with the annual meeting in Dallas, in 
1959, 

Mrs. Alfred R. Loeblich (who publishes 
under the name of Helen Tappan) was born 
in Norman, Oklahoma, October 12, 1917. 
She, also, received B.S. and M.S. degrees 
in geology from the University of Oklahoma, 
and in 1942 was awarded a Ph.D. degree 
from the University of Chicago. 

For one year prior to her connection with 
the U. S. Geological Survey in 1943, Mrs. 
Loeblich was an instructor in geology at 
Tulane University. In 1952 she was engaged 
in the study and collection of foraminifera 
in Western Europe (John Simon Guggen- 
heim Foundation). From 1954-1957, just 
prior to her California connections, Mrs. 
Loeblich was an Honorary Research Associ- 
ate in Paleontology at the Smithsonian [n- 
stitution in Washington, D.C. 

Mrs. Loeblich’s general field of publica- 
tion is foraminiferal faunas, morphology, 
classification and correlation. In addition 
to many articles in the Journal of Paleontol- 
ogy, she has published in the Bulletin of 
American Paleontology, Journal of the Wash- 
ington Academy of Science, U. S. National 
Museum Bulletin, Micropaleontologist, and 
others. 

Mrs. Loeblich is a fellow of the Geological 
Society of America, and a member of the 
Paleontological Society and the Cushman 
Foundation for Foraminiferal Research, in 


Mr. AND Mrs. ALFRED R. LOEBLICH, JR. 


Best PAPER AWARD, 1957 
Journal of Paleontology 


addition to membership in Sigma Xi and 
Phi Beta Kappa. 


Raymond Siever, born September 14, 
1923, in Chicago, Illinois, obtained B.S., 
M.S: and Ph.D. degrees in geology from the 
University of Chicago, the latter being con- 
ferred in 1950. 

From 1943-1944, Mr. Siever was Research 
Assistant in the Coal Division for the I]linois 
Geological Survey. In 1944, and serving 
until 1946, Mr. Siever joined the photo- 
grammetry unit of the U.S. Army Air Force, 
returning to the Illinois Survey in 1947 
where he worked as assistant geologist, as- 
sociate geologist, and geologist in the Coal 
Division. His work consisted of research in 
stratigraphy, coal and sedimentary petrol- 
ogy. From 1956 to 1957, when he became 
associate professor of geology at Harvard, 
Dr. Siever was National Science Foundation 
Senior Postdoctoral Fellow at Harvard 
University. 

Dr. Siever’s publications include articles 
on stratigraphy, sedimentary petrology, 
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RAYMOND SIEVER 


Best PAPER AWARD, 1957 
Journal of Sedimentary Petrology 


coal petrology and structure. These have 
been published in the Journal of Sedimen- 
tary Petrology, Bulletin of The American As- 
sociation of Petroleum Geologists, Journal of 
Geology, and Illinois Geological Survey Re- 
ports. 

In addition to active membership in the 
S.E.P.M., Dr. Siever is a fellow of the Geo- 
logical Society of America and The Ameri- 
can Association for the Advancement of 
Science. He is a member of The American 
Association of Petroleum Geologists, Soci- 
ety of Economic Geologists, and Sigma Xi. 

Dr. Siever was a member of the S.E.P.M. 
Research Committee from 1954 to 1957. 
He was chairman of the committee in 1956 
and org,nized a Symposium presented at 
the Chicago, 1956, Convention entitled, 
“Directional Properties of Sedimentary 
Rocks.” 


ANNUAL BUSINESS MEETING 


The annual business session of the Soci- 
ety was called to order at 1:30 p.m., Tues- 


day, March 17, by Gordon Rittenhouse, 
President, who introduced the officers for 
the new year as follows: President, Samuel 
P. Ellison, Jr.; Vice-President, William J. 
Plumley; Secretary-Treasurer, John Imbrie; 
Editors of the Journal of Paleontology, M. L. 
Thompson and Charles W. Collinson; and 
Editor of the Journal of Sedimentary Petrol- 
ogy, Jack L. Hough. 

It was moved, seconded, and carried that 
the minutes of the 1958 meeting be approved 
as published in the June, 1958, Journal of 
Sedimentary Petrology and the July, 1958, 
Journal of Paleontology. 

The following reports were not presented 
at the Business Meeting, but instead they 
are printed in full below. 

1. Report of the Editors of the Journal of 
Paleontology (M. L. Thompson and C. W. 
Collinson).—Volume 32 of the Journal of 
Paleontology, issued in conjunction with the 
Paleontological Society, contains 1170 pages 
of text and 148 plates. The S.E.P.M. portion 
of the volume contains 418 pages of text and 
39 collotype plates of fossil illustrations. 
This represents a decrease of about 20 pages 
of text and two plates from the preceding 
volume. A larger part than in some previous 
volumes are without full tone plates. The 
subject matter covered concerns many fields 
of paleontology and can be referred in a gen- 
eral way to about 18 papers on megafossils 
and 12 papers on microfossils. Several papers 
can be defined as of both types, and a few 
papers concern mixed faunas. Paleoecology 
is the principal subject of four papers. Three 
papers deal mainly with biostatistics, and 
two are about biochemistry. Seventeen of 
the papers concern faunas of Paleozoic age, 
and 14 papers concern fossils of Mesozoic 
and Cenozoic ages. Many phyla of inverte- 
brate animals, as well as some plants, are 
discussed to some degree in this volume. 

Approximately the same number of un- 
published manuscript pages and plates are 
on hand as were on hand at this time last 
year. 

The editors wish to report that the com- 
prehensive Index of the first 25 volumes of 
the Journal of Paleontology has come to a 
waiting stage until the species-genera por- 
tion of the Index has been completed. The 
subject-author portion of the Index is in 
manuscript form, and all of the species-gen- 
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S.E.P.M. CounciL, OUTGOING AND INCOMING 


Sitting, left to right: Jack L. Hough, Editor Journal of Sedimentary Petrology; Raymond E. Peck, 
Secretary-Treasurer; Gordon Rittenhouse, President; W. M. Furnish, Vice-President; M. L. Thomp- 
son, Co-Editor Journal of Paleontology. Standing: William J. Plumley, Vice-President-Elect; Samuel 
P. Ellison, Jr., President-Elect; John Imbrie, Secretary-Treasurer-Elect; Charles W. Collinson, Co- 


Editor Journal of Paleontology. 


era part is completed except for that from 
Volume 8. 

We call attention to the fact that we have 
recently appointed associate editors in com- 
pliance with the recommendation given at 
the last meeting of the 1957 Council. Dr. 
Robert H. Shaver of the Indiana Geological 
Survey and Dr. Alan B. Shaw of the Shell 
Oil Company have generously consented to 
serve. 

The Illinois Geological Survey furnished 
secretarial, technical, and financial assist- 
ance. 

2. Report of the Editor of the Journal of 
Sedimentary Petrology (Jack L. Hough).— 
The Journal of Sedimentary Petrology was 
published in 1958 as Volume 28, Numbers 1 
through 4, A suminary of the contents is 
given in the accompanying table. The De- 
cember issue, Number 4, was expanded by 
16 pages in order to keep the wait for publi- 
cation within a period of nine months. This 
temporary expansion was accomplished 
without exceeding the printing budget. The 
supply of unpublished manuscripts has in- 
creased somewhat during 1958, and it may 
be necessary to consider further expansion 
of size of the Journal during 1959. The na- 


tional origins of the articles, notes, and dis- 
cussions of Volume 28 were as follows: 
Nitistede CRONE. 5 ni a owtietenwunview eras 4 
England 


MW ERMRSI Se aco: 5a, Ys ie we wat Onl be beatae ah ere ere ere ata 
New Zealand... 


— ee et ee ee DD 


As in the past nine years, the University 
of Illinois has provided the services of the 
Editor and of a part-time editorial assistant. 

3. Report of the Secretary-Treasurer (Ray- 
mond EF. Peck).—Income for 1958 was 
$1,845.14 more than in 1957 due largely to 
increase in income from subscriptions to 
Journal of Paleontology and Journal of Sedi- 
mentary Petrology—the price of Journal of 
Sedimentary Petrology was raised in 1958 and 
there was an increase in members’ ip dues 
to persons taking this Journal. 

Sale of back numbers amornted to 
$5,026.55. This is a primary source of in- 
come. This was a decrease from 1957 but 
subscriptions more than made uf the differ- 
ence. 

Operating costs decreased $424.99 this 
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Journal of Sedimentary Petrology, Vol. 28, 1958 


Pa 
Other? | Total 
Pages | Pages 


| cing * | a , | . . | : . lo ~ | 

Articles | Notes | Discussions | Reviews |S.E.P.M.| Adver- | 

| ; | —— Data! | tising? 
No. | Pages | No. | Pages| No. | Pages| No. Pages| Pages | Pages | 


1. (Mar.) | 14 | Pe Se | eB | 
2. (June) | 10 | ee: om | | Shee 
3. (Sept.) | 13 | | xs ae 3 | 
4, 1 


ore 
1 | 
1 | 
a | 144 


(Dec.) | 11 
Total | 48 | 435 | 8 | 15 | 528 
! | | i 
1 Including announcements of meetings, programs, minutes of annual meeting, and membership 
list. 
2 Exclusive of advertisements on covers. 
3 “Other’’ includes title pages, index, errata, and announcements. 


past year so we operated in the black to the On December 31, 1958, our balance in 
extent of $2,270.13—an unusual circum- the bank was $30,118.76—this included 
stance in this day and age. I believe Dr. $8,062.37 in the Publication Fund. About 
Ellison reported a profit of $907.46 last year. half of this money in the Publication Fund 
Much credit for operating in the black is will be used in paying for Silica in Sedi- 
due to the editors of the Journal of Paleon- | ments.—This has just been published and we 
tology—their expense was $2,400 less thanin hope the Society will make money on it. 
1957. Our thanks to Drs. Thompson and Special Publications have continued to 
Collinson. make money—all except the Index to the 


MEMBERSHIP, MAILING, AND JOURNAL STATISTICS 


Dec. 31, Dec. 31, Dec. 31, 

1958 1957 1956 

. S.E.P.M. Membership: 

Active Members......... Rien Greene are 1094 1085 990 

Associates. ... 351 319 292 

5 

3 
1290 

Journal of Paleontology Mailing List: 
S.E.P.M. Active & Honorary Members ; k : 509 
Sc ati PBMOCLONES. <5 bres. eee be Ss Re 150 
PIR EMSOIE 0) ake oe ek oe eae EOE oR are ee 2 810 
PS RCDREIETS «oo Sie tess hog hig Bw Re SCRA FAAS Aw ie OE TE 


Journal of Sedimentary Petrology Mailing List: 

.P.M. Active & Honorary Members.......... : 

Se Uae Oe oS RM En eee eae ar near enema omer ar 
TEVA ET A IIRRORN Uo. ca:'s 6-026 pus SSS aie ee ee WO Sa Cena 


S.E 
S.E 
S.E 
Oy Di OR OS 2 a el Serer any Ny 


. Edition of Journal of Paleontology 

. Edition of Journal of Sedimentary Petrology 

. Number of Pages, Journal of Paleontology 

Number of Plates, Journal of Paleontology 

. Number of Pages, Journal Sedimentary Petrology 

bi EMO. SURINPNT ES oy 5 5 2 cain yeerceuin 1h ce ave. ete ety sabia dhol tess fo lars sa ip eee aateeee wat 
Transfers to active membership 

. Members and associates dropped for non-payment of dues (1/1/59). 
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— je 
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The Council, Society of Economic Paleontologists and Mineralogists: 


We have examined the accompanying balance sheet of Society of Economic Paleon- 
tologists and Mineralogists at December 31, 1958, and the related statement of income and 
surplus for the year then ended. Our examination was made in accordance with generally 
accepted auditing standards, and accordingly included such tests of the accounting records 
and such other auditing procedures as we considered necessary in the circumstances. 

In our opinion, the statements mentioned above present fairly the financial position 
of Society of Economic Paleontologists and Mineralogists at December 31, 1958, and the 
results of its operations for the year then ended, in conformity with generally accepted 
accounting principles applied on a basis consistent with that of the preceding year. 


ARTHUR YOUNG & CoMPANY 
Tulsa, Oklahoma, January 19, 1959 


SOCIETY OF ECONOMIC PALEONTOLOGISTS AND MINERALOGISTS 
BALANCE SHEET, DECEMBER 31, 1958 


ASSETS ii 
reneral Publication 
Total Fund Fund 
CURRENT ASSETS: 
Cash -. $33,366.90 $25,304.53 $ 8,062.37 
Savings account. 2,823.01 2,823.01 ~ 
Accounts receivable......... 295.40 230.40 65.00 
Total current assets $36,485.31 $28,357.94 $ 8,127.37 
PUBLICATIONS: 
Journal of Paleontology: 
Issues prior to 1958—10,374 journals at $0.50 each (1,592 complete volumes). $ 5,187.00 $ 5,187 
Issues 1 to 6 of 1958—1,486 journals, at cost..... 2,984.63 2,984 
Reprints in 1948, Volume 1, 1927—656 volumes, at cost................4. 1,427.28 1,427 
Journal of Sedimentary Petrology: 
Issues prior to 1958—4,069 journals at $0.50 each (1,103 complete volumes). . 2,034.50 2,034 
Issues 1 to 4 of 1958—2,068 journals, at cost................0.0-2eeeeeee 2,249.56 2,249.5 
Special publications: 
En Nee, DU COND, WE CINE onic icc ci cccvcccscccacscucvaacdena 92.35 92.35 
Recent Marine Sediments, 464 copies, at cost 957.46 957.46 
Finding Ancient Shorelines, 86 copies, at cost... 150.31 150.31 
Regional Aspects of Carbonate Deposition, 327 copies, at cost............. 729.99 729.99 
Journal of Sedimentary Petrology Index, 1,494 copies, at cost....... 862.49 862.49 


Total publications $13,882.97 $ 2,792.60 
$ 


FURNITURE AND FIXTURES (less reserve, $1,793.84) ; $ 1.00 - 
DEFERRED CHARGES...... - $2,085.50 $ 873.05 §$ 1,212.45 


»114.96 $12,132.42 


$55 , 247.38 


$43 


CURRENT LIABILITIES: 
Accounts payable. . $ 4,011.13 $ 2,798.68 $ 1,212.45 
Amount payable to 3,371.57 1.57 -- 
TE CEES HN 5 6ia6 vis dvandavesnueketueeschierwaeneses $ 7,382.70 -25 $ 1,212.45 
DEFERRED CREDITS: ; 
Subscriptions to Journals—net of portion to be received by Paleontological Society $ 9,456.19 $9,456.19 $ — 
Membership dues for 1959 9,071.00 9,071.00 o 


SETMEE CIR UME CTRUNUN) co 61 co coco fae ev itdanulocenehyrekeee ences $18,527.19 $18,527.19 $ — 





SURPLUS, per accompanying statement $29,337.49 $18,417.52 $10,919.97 





$55,247.38 $43,114.96 $12,132.42 








Journal of Sedimentary Petrology. We have There is considerable call for those numbers 
sold approximately 600 copies of it to date which are out of print and we hope Mr. Dott 
and have 1400 copies on hand. We areinthe will work out a deal that will continue to 
RED on it at present. make money for the Society. 

Mr. Dott is exploring the possibility of Membership shows a net gain of 43 per- 
reprinting back numbers of both Journals. sons. We added 125 new members'last year 





SOCIETY RECORDS AND 


ACTIVITIES 


SOCIETY OF ECONOMIC PALEONTOLOGISTS AND MINERALOGISTS 
STATEMENT OF INCOME AND SURPLUS 
YEAR ENDED DECEMBER 31, 1958 


INCOME: 
Membership dues and subscriptions: 
Journals of Paleontology and Sedimentary Petrology 
Journal of Paleontology 
Journal of Sedimentary Petrology 


Sales of special publications: 
Turbidity Currents 
Recent Marine Sediments. . . 
Finding Ancient Shorelines. . . 
Regional Aspects of Carbonate Deposition. . 
Journal of Sedimentary Petrology Index. . 


Sales of back numbers: 
Journal of Paleontology, Volumes 1 to 31... 
Journal of Sedimentary Petrology 


Sales of plates.... 


Advertising 


onation from The American Association of Petroleum Geologists. ....... 
Donation f The A A t f Petrol Geologist 


Miscellaneous. 


Less portion of 1957 income accrued to Paleontological Society 


COSTS AND EXPENSES: 
Cost of printing: 
Journal of Paleontology . 
Journal of Sedimentary Petrology. 
Journal of Sedimentary Petrology Index 


Expenses: 
Clerical salaries . 
Office supplies. . . . 
Postage and express 
Office rent. 
Telephone. . 
Audit fee ; 
3 4 Ronee 
Miscellaneous. 


Adjustment for (increase) decrease in inventory of publications.............. $ 


NET INCOME... ‘ 
SURPLUS AT DECEMBER 31, 


SURPLUS AT DECEMBER 31, 


We have 
21 associates 
We 


as against 150 during 1947. 
dropped 44 members and 
(total 65) for non-payment of dues. 
dropped only 48 at the end of 1957. 

We have lost 8 members through death 
during the past year. 

The Journal of Paleontology mailing list 
has increased by 65 and the Journal of Sedi- 


General Publication 


Total Fund Fund 


$ 4,777.00 $4,777.00 $ — 
16,979.26 16,979.26 _— 
13,145.54 13,145.54 





$34, 901. 80 $34,901.80 $s 


304. 


i 3,245.63 


$ 3,541.65 
1 484. 70 


$ 3,541.65 
1,484.70 
$ 5,026.35 $5 ,026.: 


$ 538.66 $ 538.66 


$ 771. 95 $ 


686.95 





$ 2,040. 00 $ 2,040.00 


$ 334.44 


$43,528.20 
3,427.71 


$46, 858. K 
3,427. 


$43,431.12 $40,100.49 $ 3,330.63 





$12,224.64 
10,342.07 
1,179.98 


$23, 746. 69 


$12,224.64 = 
10,342.07 > 
— 1,379. 98 


$22, 566. 6.71 


ype oy 
"499.41 
1,602.90 
2000.00 
47.70 
211.08 
161.70 
2,002.06 
$14,279.85 


"499.41 
1,602.90 
2,000.00 


(478.88) 





$37,547.66 $35,825. 


$ 4,274. 
14, 142.9 


1,721.78 
1,608.85 
9,311.12 





$ 5,883.46 
23,454. 03 





$29, 337. 49 $18,417.52 $10,919.97 





mentary Petrology list by 36 during the past 
year. 

e Report of the Research Committee 
(Grover E. Murray, Chairman).—Member- 
ship of the committee, with terms ending at 
the annual meeting of each year as indi- 
cated, is 
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1959 


Virgil Barnes 

R. V. Hollingsworth 
A. R. Loeblich, Jr. 
D. L. Inman 

Stuart Levinson 


Haydn H. Murray 


1960 


H. A. Ireland 
Grover E. Murray 
W. D. Pye 

L. M. Cline 

S. G. Wissler 


1961 


Heinz A. Lowenstam 
Arthur C. Munyan 
F. B. Van Houten 
W. H. Akers 





At the annual meeting in St. Louis on 
April 1, 1957, the committee selected ‘‘Con- 
cepts of Stratigraphic Classification and 
Correlation” as the topic for the 1959 an- 
nual symposium. W. C. Bell and L. L. Sloss 
were subsequently requested by chairman 
Murray to serve as co-chairmen in arrang- 
ing this program. The symposium was or- 
ganized during 1957-1958 as follows: 


Session I 

Presiding: 

Grover E. Murray, Chairman of Research 
Committee 
Arthur C. Munyan, Vice-Chairman 

Hollis D. Hedberg (Gulf Oil Corporation, Pitts- 
burgh, Pennsylvania), The Classification Con- 
troversy 

John Rodgers (Yale University, New Haven, 
Connecticut), The Meaning of Correlation 

Harry E. Wheeler (University of Washington, 
Seattle, Washington), Stratigraphic Units in 
time and Space. 

Taras P. Storey (Husky Oil & Refining Limited, 
Calgary, Alberta, Canada) and J. R. Patterson 
(Amerada Petroleum Corporation, Calgary, 
Alberta, Canada), Stratigraphy-Traditional 
and Modern Concepts 

Harold L. James (U.S.G.S., Washington, D. C.), 
Problems of Stratigraphy and Correlation of 
Precambrian Rocks with Particular Reference 
to the Lake Superior Region 

A. D. Cumming, J. G. C. M. Fuller (Saskat- 
chewan Department of Mineral Resources, 
Regina, Saskatchewan, Canada), and J. W. 
Porter (Canadian Superior Oil Company of 
California, Regina, Saskatchewan, Canada), 
Separation of Strata: Paleozoic Limestones of 
the Williston Basin 


Session IT 

Presiding: 
W. C. Bell, University of Texas 
L. L. Sloss, Northwestern University 

James L. Wilson (Shell Development Company, 
Houston, Texas), North American Cambro- 
Ordovician Biostratigraphy—Layer Cake Ge- 
ology 

Digby McLaren (Geological Survey of Canada, 
Ottawa, Ontario, Canada), The Role of Fossils 
in Defining Rock Units in the Devonian of 
Western and Arctic Canada 

Keith Young (University of Texas, Austin, 
Texas), Techniques of Mollusk Zonation in 
the Texas Cretaceous 


John A. Wilson (University of Texas, Austin, 
Texas), Mammalian Biostratigraphic Zones in 
the Continental Tertiary 

C. O. Durham, Jr. (Louisiana State University, 
Baton Rouge, Louisiana), Provincial Time- 
Rock Nomenclature in the Gulf Cretaceous, 
Help or Hindrance? 

Frank E. Lozo (Shell Development Company, 
Houston, Texas), Cyclic Correlation Units in 
the Texas Comanche Cretaceous 


At the annual meeting in Los Angeles, 
March 10, 1958, the committee nominated 
Henryk B. Stenzel for Honorary Member- 
ship and recommended his election by the 
council. Subsequently this nomination was 
approved by the council and Dr. Stenzel 
was notified of his election by President 
Rittenhouse. 

During 1958, the members of the commit- 
tee were polled by mail regarding additional 
nominations for Honorary Membership and 
for Correspondents. Although no official 
nominations were made up to the time of the 
annual meeting, a list of prospective nomi- 
nees was developed. 

The best paper in the Journal of Paleon- 
tology for 1957 was selected, in a closely con- 
tested vote, to be that by Alfred R. Loeblich, 
Jr. and Helen Tappan entitled Correlation of 
the Gulf and Atlantic Coastal Plain Paleo- 
cene and Lower Eocene Formations by Means 
of Planktonic Foraminifera, November, 1957. 
The paper by Raymond Siever entitled 
Pennsylvanian Sandstones of the Eastern In- 
terior Coal Basin, September, 1957, was 
selected as the best paper in the 1957 Jour- 
nal of Sedimentary Petrology. Awards for 
these papers were presented to the respective 
authors by the chairman at the annual 
meeting in Dallas, Texas. 

5. Report of the Publications Committee 
(Samuel P. Ellison, Jr., Chairman).—The 
Publications Committee, consisting of Sam- 
uel P. Ellison, Jr., Chairman (1959), Grover 
E. Murray, ex-officio member (1959), H. A, 
Ireland (1959), and T. H. van Andel (1960) 
considered one manuscript (Modern Ecology 
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of Foraminifera by Fred B. Phleger) during 
the past year. The manuscript was recom- 
mended as acceptable for a special publica- 
tion provided the estimated possible sales 
would be profitable. It was finally decided 
that potential sales would not pay for the 
publication and the manuscript was released 
to the author. 

6. Report on the Earth Sciences Division of 
the National Research Council (John C. Frye, 
S.E.P.M. Representative) —In accordance 
with its primary responsibility, the Division 
during the year rendered advisory services 
to federal agencies through ten committees 
and conducted one conference, all upon re- 
quest of the government. About 80 scientists 
took part in this work. 

The Arctic Sea Ice Conference was held 
February 24-27, 1958. The Division is pre- 
paring the papers and discussions for pub- 
lication, The Committee on Waste Disposal, 
Advisory to the Atomic Energy Commis- 
sion, published its report to the Reactor De- 
velopment Division, AEC, as NAS-NRC 
Publication 519, During the year a meeting 
of this committee with representatives of 
the petroleum industry, as well as of AEC, 
was held in the Academy Building in Wash- 
ington. ; 

The Committee on the Glacial Map of 
the United States, east of the Rockies, has 
completed compilation of the map to be 
published by the Geological Society of 
America. A proof copy of the map was on 
display at the annual GSA meeting in No- 
vember. 

The Committee on Clay Minerals held its 
seventh annual conference in Washington, 
D. C., October, 1958, and the volume re- 
sulting from the sixth conference will be 
published by Pergamon Press in its mono- 
graph series on the earth sciences. The Com- 
mittee on the Measurement of Geologic 
Time issued its last annual report covering 
the year 1954-55 as NAS-NRC Publication 
500, and the Committee 
with thanks for 


was discharged 
having seen its work 
through to successful completio 

Seven fellowship committees were active 


during the vear; six groups screened appli- 
cants for awards under programs supported 
by the National Science Foundation, the 
Fulbright Act, and the Smith-Mundt Act, 
and one group met to evaluate candidates 
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for a special award administered by the 
American Chemical Society. 

The Division’s Annual Meeting, attended 
by Francis J. Pettijohn, the outgoing 
S.E.P.M. Representative, formed part of 
the first general meeting of the entire mem- 
bership of the National Research Council. 
The Research Council met as a body on 
March 30 and 31 and, after the introductory 
discussion of five major problems facing sci- 
ence in America and a survey of Academy- 
Research Council activities bearing on these 
problems, the membership divided itself 
into five sections for specific discussions. 
The findings will serve as guidance for con- 
tinuing activities of the Council and of the 
Earth Sciences Division. 

7. Report on the American Geological In- 
stitute (Gordon Rittenhouse) —S.E.P.M. was 
represented at meetings of the Board of 
Directors of A.G.I., held at the 1958 
A.A.P.G.-S.E.P.M. and G.S.A. meetings in 
Los Angeles and St. Louis. Since many of 
the activities of the Institute are reviewed 
in GeoTimes, which is sent to all S.E.P.M. 
members, only the following items of special 
interest are reviewed here. 

a. Finances remain a critical problem. 
Support of A.G.I. by the geological societies 
is On a year-to-year basis, and a proposed 
reduction in support by the G.S.A. has em- 
phasized the uncertainty of even the present 
operations, which for 1959 will approximate 
$81,000. Grants aggregating $210,000 ear- 
marked for the Earth Sciences Register, an 
International Abstract Survey, and Russian 
Translations have been obtained from the 
National Science Foundation. Additional 
grants, totaling $135,000, for geological ab- 
stracting, a visiting scientist program, and 
other projects are pending. The grants do 
not help support the general operations of 
A.G.1., which the Executive Director be- 
lieves should be about $140,000—150,000 per 
year. No solution of the problem of provid- 
ing A.G.I. a stable, predictable income has 
been reached. 

b. In an effort to help the finances of 
A.G.I., Robert Karpinski of the Chicago 
Undergraduate Division of the University of 
Illinois conceived the idea of a “‘Committee 
of 1000 for A.G.1.”’ in which less affluent 
members of the profession, who could not 
afford to join the Committee of 100, could 
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contribute $10 to A.G.I. The Board of Di- 
rectors authorized the Executive Commit- 
tee to form a ‘Committee of 1000 for 
A.G.1.” for 1959. Such contributions would 
be for the year unless the individual wished 
to continue. 

c. During the past year A.G.I. prepared 
and distributed more than 15,000 copies of 
a new career booklet ‘‘Shall I Study the 
Geological Sciences?” and published “Earth 
for the Layman” and a second edition of 
‘Directory of Geological Information.” Be- 
ginning in 1959, A.G.I. will publish ‘‘Geo- 
Science Abstracts” which will replace ‘‘Geo- 
logical Abstracts,’’ publication of which is 
being discontinued by G.S.A, 

d. Following receipt of NSF grants total- 
ing $140,000, a Russian Translation Center, 
managed by Dr. R. W. Fairbridge, has been 
set up just off the campus of Columbia Uni- 
versity. Work is proceeding on translation 
of the Russian abstract journal, Referativnyi 
Zhurnal, the International Geology Review, 
and two books, Nalivkin’s ‘‘ 


Facies Studies,”’ 
and Belousov’s ‘‘Fundamental Problems in 
The International Geology Re- 
view is expected to appear in January, 1959; 


Tectonics.”’ 


the two books about mid-1959. The transla- 
tion project is described in some detail in 
the October, 1958, issue of GeoTimes. 

8. Report of the S.E.P.M, Representative 
to the A.G.I. Government Relations Committee 
(Norman S. Hinchey).—Several members of 
the A.G.I. Government Relations Commit- 
tee met on November 7, 1958, in St. Louis, 
Missouri. The new chairman was unavoid- 
ably prevented from being present and 
Robert C. Stephenson, executive director of 
A.G.1., presided informally in his absence. 

Topics which were discussed briefly in- 
cluded: preposed rules for fossil collecting 
on federal lands, presented by S.V.P.; a pro- 
posed geophysical research institute in Ha- 
Waii; travel reimbursement for government 
scientists serving non-profit organizations as 
distinguished lecturers, etc.; a suggested 
proposal to found a minerals research insti- 
tute; and licensing and registration. 

9. Report of the Joint Committee on In- 
vertebrate Paleontology (Raymond C. Moore). 
—Chief accomplishment on the Treatise 
project during 1958 has been completion of 
the volume on Trilobitomorpha (mainly 


trilobites) with an accompanying introduc- 
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tion to the phylum Arthropoda and descrip- 
tion of the nontypical jointed-leg inverte- 
brates classed as Protarthropoda. This 
volume (Part O) will contain approximately 
570 pages and very numerous illustrations. 
It is the work of 18 contributing authors 
from six countries and because of complex 
division of the work for preparation of sys- 
tematic descriptions, as well as the unsettled 
nature of numerous problems of classifica- 
tion, unusual difficulties have been en- 
countered. Work now is finished except for 
offset printing and binding. 

Prospectively the next published Treatise 
volume will be Part I (Mollusca 1), which is 
planned to include the chitons, scaphopods, 
and Paleozoic gastropods. Final editorial 
work on this unit is in progress and type set- 
ting is about to begin. Work also is actively 
under way to complete organization of Part 
Q (Arthropoda 3) on ostracodes and it is pos- 
sible that at least one or two other units may 
be made ready for press during 1959. Un- 
happily, no definite statement yet can be 
made as to the probable time of publication 
of Part C (Foraminifera), even though it had 
been expected that this unit would have been 
completed before 1958. Major sections of the 
typescript have not yet come into hands of 
the editor, although some divisions have 
been completed long ago. 

10. Report of S.E.P.M. Representative on 
Council of A.A.A.S. (Robert B. Neuman).— 
I attended the meeting in Washington, 
D. C., in December, 1958, as the S.E.P.M. 
member of the Council of the A.A.A.S. 
These conclaves are unique in this country 
in bringing together scientists (and science 
teachers) in many fields with the obvious 
danger of cross-fertilization. Thus the Sec- 
tion E program on the history of geology 
brought together science historians as well 
as geologists. Section L (History of Science) 
continued the theme with a program of 
papers on Darwin. Other programs with 
papers of special interest to me and my pale- 
ontological associates were given by the So- 
ciety of Systematic Zoology (in Section F), 
and the Dentistry Section (a Symposium on 
calcification in Geological Systems) to name 
two. There were several others, This kind of 
program together with the broad educa- 
tional aspects of A.A.A.S., and the fact that 


the A.A.A.S. is playing a large part in organ- 
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izing the International Oceanographic Con- 
gress in New York in September, 1959, (an- 
other example of its interdisciplinary func- 
tions) seem to me to warrant continued 
affiliation of the S.E.P.M. with the A.A.A.S. 

11. Report of the Permian Basin Section 
(Carl Ulvog).—The fourth annual meeting 
will be held at the Desert Aire Motel in 
Alamogordo, New Mexico, on April 16, 1959. 
Registration for this meeting is scheduled to 
begin the afternoon of April 15. Mr. M. R. 
Stipp is general chairman. A most interest- 
ing technical session is being arranged under 
the supervision of Mr. R. F. Meyer, program 
chairman. 

A field conference in the Sacramento 
Mountains will follow the business and tech- 
nical meeting, being slated for April 17 and 
18. Arrangements will be made for register- 
ing during the afternoon of April 15 and all 
day April 16, at the Desert Aire Motel, 
Alamogordo, New Mexico. The field confer- 
ence is sponsored jointly by the S.E.P.M., 
Permian Basin Section, and the Roswell 
Geological Society. Chairmen are Carl Ulvog 
and Frank Packard. The field trip will be 
confined to the west slope of the Sacra- 
mentos and will be under the general leader- 
ship of Dr. Lloyd C. Pray. 


Officers elected for 1958 were: J. P. D. 
Hull, Jr., President; Carl Ulvog, 1st Vice- 


President; M. Russell Stipp, 2nd Vice- 
President; Edward R. Kennedy, Secretary; 
and Roy Harris, Treasurer. Mr. Hull sub- 
sequently resigned from his position and Mr. 
Ulvog is completing his term. Since March 1, 
1959, is the deadline for ballots to be re- 
turned, the 1959 executive committee can- 
not be named at this time. 

The Midland group is planning a series of 
evening meetings, the first of which will be 
held on January 28. It is hoped that these 
meetings will arouse greater interest and ac- 
tivity in our organization. Membership is 
steadily increasing, having now reached a 
total of 433, of which 12 may be considered 
as residing completely outside of the Per- 
mian Basin Area. 

12. Report of the Gulf Coast Section 
(Marcus A. Hanna).—The past year, 1957— 
58, under the Presidency of Jack Collie, con- 
tinued the success of preceding years. 

The Gulf Coast Section jointly with the 
Houston Geological Society held a field trip 
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December 6 under the leadership of Fred 
Smith, Professor of geology at Texas 
A. & M. College. The field trip committee 
consisted of E. H. Rainwater, chairman, 
C. W. Stuckey, Jr., H. G. Schoenike, H. B. 
Stenzel, and L. J. Vittrup. It was assisted by 
many other individuals. The trip covered 
the “Upper and Middle Tertiary of Brazos 
River Valley, Texas.’’ Although the weather 
was cold some 275 individuals made the one 
day trip. The field trip guide book is avail- 
able through the Houston Geological So- 
ciety. 

The annual meeting of the section was 
held in Corpus Christi, Texas, October 27 
through 29, 1958. The first day of the two- 
day Technical Session was a joint meeting 
with the Gulf Coast Association of Geolog- 
ical Societies. The second day, the section 
held its own technical session concurrently 
with the other meeting. Several interesting 
papers were presented. 

The annual business meeting followed the 
technical session with President Jack Collie 
presiding. Reports of the officers and com- 
mittee chairmen were presented. Accom- 
plishments and anticipated activities of sev- 
eral projects were discussed. 

President Collie thanked his officers and 
the members for their cooperation during 
the year. The incoming president talked a 
few moments after which the meeting ad- 
journed. 

Many of the members were a part of the 
group of near 100 which attended the field 
trip October 30 through November 1 in a 
study of ‘Sedimentology of South Texas.” 

13. Report of the Pacific Section (Charles 
W. Cary).—The Pacific Section has an ac- 
tive paid-up membership of 140, and a 
balance in the treasury of $1,948.66. Presi- 
dent of the Section is Charles W. Cary and 
Secretary-Treasurer is Alvin A. Almgren. 

This year, National and Pacific Section 
S.E.P.M. membership awards and subscrip- 
tions to both Journals were granted to eigh- 
teen students from various Pacific Coast 
Colleges and Universities. The faculty of the 
Paleontology or Geology Department of 
each school nominated the student to receive 
this award. 

The monthly Biostratigraphy Seminar, 
sponsored jointly by the Pacific Section 
S.E.P.M. and the Bakersfield College, is in 
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progress. Eight papers by distinguished re- 
search workers from the West Coast, cover- 
ing the field of stratigraphy, paleontology, 
and ecology, are being presented. Mr. Stan 
Carlson is chairman, and the average at- 
tendance at the meetings is approximately 
fifty. 

The S.E.P.M. Pacific Section sponsored 
their annual dinner meeting and field trip on 
April 24 and 25. Dr. Earl Brabb is chairman 
of the event and will be assisted by Dr. 
Weldon Rau. The Geology and Paleontology 
of exposures in the vicinity of Boulder 
Creek, Santa Cruz Mountains, California, 
will be studied. Dr. Brabb will present a 
paper on the Stratigraphy of the Boulder 
Creek Area at the Friday evening dinner 
preceding the field trip. 

The Pacific Section S.E.P.M. will again 
cooperate with the A.A.P.G. and S.E.G. in 
putting on the Thirty-Sixth Annual Fall 
Meeting at Los Angeles on November 12 
and 13. A two-day technical session and 
dinner meeting are being planned by Dr. 
Weldon Rau, program chairman. 

A dinner dance will be held in December 
which is co-sponsored by the S.E.P.M.— 


A.A.P.G.—S.E.G. On the committee rep- 


resenting S.E.P.M. 
Brooks. 

14. S.E.P.M. President's Report (Gordon 
Rittenhouse).—The financial condition of the 
Society continues to improve. The General 
Fund showed a profit of $4,274.61 as com- 
pared with a profit of $907.46 in 1957 and a 
loss of $637.17 in 1956. The Publications 
Fund showed a profit of $1,608.85 as com- 
pared with $4,101.77 in 1957 and $1,860.88 
in 1956. These figures are not all ‘‘cash,’”’ 
since inventory of our publications and 
other factors are taken into consideration in 
arriving at these figures. 

The improved status of the General Fund 
is due in part to the increase in dues that be- 
came effective in 1958 and in part of lower 
than anticipated costs of publication of the 
Society’s two journals. The editors of the 
two journals are to be highly commended for 
their efforts in holding down costs, as well as 
for continuing their usual efficient handling 
of the two publications. The smaller profit 
on the Publications Fund was due partly to 
the Journal of Sedimentary Index remaining 
a “‘loss” item and partly to much smaller in- 


Richard L. 
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come from sales of ‘‘Carbonate Deposition”’ 
which was published in 1957. 

Membership in the Society has increased 
only slightly during the past year and num- 
bered 1456 on December 31, 1958, as com- 
pared with 1413 on December 31, 1957. Be- 
cause of the adverse economic situation dur- 
ing the year, no special effort toward in- 
creasing membership was made. A need for 
such efforts has been discussed with Presi- 
dent-Elect Ellison who has acted to appoint 
a Membership Committee. 

The Research Committee under the chair- 
manship of Grover Murray organized a 
symposium on “Concepts of Stratigraphic 
Classification and Correlation’ for pres- 
entation at the Dallas meeting. The subject 
‘Relationship of Paleontology and Mineral- 
ogy to Polar Wandering and Continental 
Drift’’ was selected for the symposium at the 
1960 meeting at Atlantic City. Arrange- 
ments for this program, which is being or- 
ganized under the direction of Arthur 
Munyan, vice-chairman, are largely com- 
pleted. The 1958 symposium entitled ‘Silica 
in Sediments” is appearing early in 1959 asa 
S.E.P.M. Special Publication. 

Because there is a very limited pool of the 
members eligible for nomination for presi- 
dent, a special committee composed of 
H. B. Stenzel, F. J. Pettijohn, and R. R. 
Shrock, chairman, was appointed to con- 
sider the whole problem of how and from 
whom to choose the president. The recom- 
mendations of this committee will be pre- 
sented to the council and members for con- 
sideration. 

I wish to extend my sincerest gratitude to 
the many members of the Society who have 
served as officers, editors, representatives, 
and committee members during my term of 
office. 

It was moved, seconded, and carried that 
the By-Laws be changed to read as follows: 

Article I11, Section 1. Nominations for 
officers shall be made in the following man- 
ner. Prior to September 1 of each year, the 
president shall designate a nominating com- 
mittee to consist of not less than five mem- 
bers none of whom shall be members of the 
council, instructing this committee to sub- 
mit two nominations for president, vice- 
president, and secretary-treasurer, and nom- 
inations for editors of the two Journals, 
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these nominations to be in the secretary’s 
hands before September 15. If desired, this 
committee may nominate two slates of can- 
didates for editor of one or both of the Jour- 
nals. 

Article VIII, Section 1. The president and 
the past-president shall be directors of the 
American Geological Institute, the past 
president being the senior director. They 
shall represent the Society on said Institute. 
The term of office as directors shall begin at 
the fall meeting of the American Geological 
Institute following assumption of their office 
and shall terminate two years later; pro- 
vided that this provision in no way extends 
their terms of office as members of the coun- 
cil of the Society. 

It was moved, seconded, and carried that 
a referendum vote (in the form of a mailed 
ballot) be taken to determine whether the 
Society desires one or two slates of officers. 

The meeting was turned over to incoming 
President Samuel P. Ellison, Jr., who called 
for a report of the Resolutions Committee. 

The Resolutions Committee, composed of 
F. T. Connolly (chairman), Lynn Jacobsen, 
and J. Robert Moore, III, presents the fol- 
lowing ‘Resolutions of Thanks.”’ 

BE IT RESOLVED THAT in behalf of the 
Society we extend an expression of our 
sincere thanks to the following: 

TO WILLIAM M. FURNISH, technical 
program chairman, for his general super- 
vision and handling of the technical pro- 
gram; 

TO JAMES E. BROOKS, S.E.P.M. vice- 
chairman, for his capable attention to the 
many details of the meeting; 

TO GROVER E. MURRAY, chairman 
of the Research Committee, together with 
W.C. BELL and L. L. SLOSS, for preparing 
the Research Symposium, ‘“‘Concepts of 


SOCIETY RECORDS AND ACTIVITIES 


Stratigraphic Classification and Correla- 
tion’’; 

TO JULES BRAUNSTEIN and AL- 
FRED G. FISCHER for arranging the 
papers on mineralogy and sedimentary 
petrology, and on paleontology and stratig- 
raphy; 

TO W. DOW HAMM, general chairman, 
WILLIAM B. HEROY, general vice- 
chairman, ROBERT FE. RETTGER, 
A.A.P.G. program chairman, and to the 
chairmen and members of all the convention 
sub-committees, for their efforts in 
organization of the Dallas convention; 

TO THE EXECUTIVE COMMITTEE 
of the A.A.P.G., for appropirating $2,000.00 
as office rent for the Society Headquarters 
at Tulsa; 

TO ROBERT H. DOTT, for his con- 
tinued guidance as Business Manger of the 
S.E;PMis 

TO OUR EDITORS—M. L. THOMP- 
SON, CHARLES W. COLLINSON, and 
JACK L. HOUGH, for their untiring efforts 
in the time-consuming job of editing our 
publications, the Journal of Paleontology and 
the Journal of Sedimentary Petrology; 

TO ROBERT R. SHROCK and BAR- 
BARA H. BLOOM for the preparation of 
the Index to the Journal of Sedimentary 
Petrology and to JACK L. HOUGH for edit- 
ing that volume; 

TO H. A. IRELAND for editing our 
Special Publication Number 7, Silica in 
Sediments; 

TO DANIEL A. BUSCH and PHILIP 
H. SCRUTON, for designing the book plate 
to be used for the award for the Best Paper 
Presented at the Convention; 

AND TO THE STATLER HOTEL, for 
providing excellent convention headquarters 
facilties. 

The meeting adjourned at 2:15 p.m. 


the 
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CONSTITUTION AND BY-LAWS 
(AMENDED, 1958 AND 1959) 


SOCIETY OF ECONOMIC PALEONTOLOGISTS AND MINERALOGISTS 
A DIVISION OF THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 


CONSTITUTION 


ARTICLE I. NAME 


The Society shall be known as the Society 
of Economic Paleontologists and Mineralo- 
gists. 


ARTICLE II. OBJECT 


The object of the Society shall be to pro 
mote the science of stratigraphy through re- 
search in paleontology and sedimentary 
petrology, especially as these relate to de- 
velopment of knowledge of the geology of 
petroleum. 


ARTICLE III. MEMBERSHIP 


1. The Society shall be composed of ac- 
tive members, associate members, honorary 
members, correspondents, and patrons. 

2. Active members shall be persons en- 
gaged in paleontologic, petrographic, or 


stratigraphic studies as applied to the geol- 
ogy of petroleum and who have been duly 
elected active members, juniors, or asso- 
ciates in The American Association of Pe- 
troleum Geologists. 

Active and honorary members only shall 
be known as members. 


3. Associate members shall be known as 
associates. Any person engaged in paleonto- 
logic, petrologic, or stratigraphic studies 
that have application to the geology of 
petroleum is eligible for associate member- 
ship. Associates shall enjoy all the privileges 
of membership in the Society, save that they 
shall not hold office, sign applications for 
membership, or vote. 

4. Honorary members shall be persons of 
distinguished achievement whose contribu- 
tions to paleontology, petrology, and stratig- 
graphy have an application to the geology of 
petroleum. 

5. Correspondents shall be persons not 
resident in North America who have made 
distinctive contributions to paleontology, 
petrology, and stratigraphy that have ap- 
plication to the geology of petroleum. 


6. Patrons shall be persons who have be- 
stowed important favors on the Society. 


ARTICLE IV. OFFICERS 


1. Executive authority of the Society is 
vested in a council consisting of six mem- 
bers, duly elected officers, as follows: presi- 
dent, vice-president, secretary-treasurer, the 
past-president, and the editor of each of the 
two Journals. The chairman and the vice 
chairman of the Research Committee an | 
the presidents of Regional Sections shall be 
non-voting members of the council. 

2. The president shall discharge the usual 
duties of a presiding officer at all meetings 
of the Society and council. 

3. The vice-president shall assume the 
duties of the president in case of his absence. 

In the event of the absence from the 
meetings of both president and _ vice- 
president, the duties of presiding officer shall 
fall upon one of the other members of the 
council in the following order: past-presi- 
dent, secretary-treasurer. 

4. The secretary-treasurer shall keep 
records of the proceedings of the Society, 
and a complete list of the membership. He 
shall attend to the preparation and mailing 
of notices and other materials required in 
the business of the Society. The secretary- 
treasurer shall have custody of all funds of 
the Society, and shall keep a detailed ac- 
count of receipts and disbursements. 

5. The council shall consider all nomina- 
tions for membership and pass on the quali- 
fications of the applicants; may elect honor- 
ary members, correspondents, and patrons; 
shall have control and management of the 
affairs and funds of the Society; shall deter- 
mine the manner of publication and pass on 
the material presented for publication; and 
shall designate the place of the annual meet- 
ing. In the event of a tie vote among the vot- 
ing council, the president, vice-president, 
and secretary-treasurer’s votes shall prevail. 
The council is empowered to establish a 
business headquarters for the Society and to 
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employ such persons as are needed to con- 
duct the business of the Society. 

6. Elections shall be held annually to 
select a president, vice-president, secretary- 
treasurer, and the editors. 


ARTICLE V. MEETINGS 


1. The Society shall hold at least one 
stated meeting a year, which shall be desig- 
nated as the annual meeting. The time and 
place of the annual meeting shall be desig- 
nated by the council, but in general, it shall 
be held in connection with the annual meet- 
ing of The American Association of Petro- 
leum Geologists. 

2. The annual meeting shall be devoted to 
the reading and discussion of scientific 
papers, to the transaction of Society busi- 
ness, and other appropriate functions. 

3. The program for the annual meeting 
shall be arranged by the council, or under 
its direction. 


ARTICLE VI. SECTIONS 


Local sections of the Society may be 
established according to provisions of the 
by-laws. 


ARTICLE VII. AMENDMENTS 


The constitution may be amended by a 
two-thirds vote of returned mail ballots re- 
ceived by the secretary-treasurer sixty days 
after proposal of amendments with pro- 
vision for vote is mailed to the membership; 
provided that the proposed amendment has 
been signed by at least twenty members, 
and provided further that the proposed 
amendment must first have the approval of 
the council and the executive committee of 
The American Association of Petroleum 
Geologists. 


BY-LAWS 


ARTICLE I. DUES 


1. The fiscal year of the Society shall 
correspond with the calendar year. 

2. The annual dues of members and asso- 
ciates of the Society who desire only the 
Journal of Paleontology shall be ten dollars 
($10.00). The annual dues of members and 
associates who desire only the Journal of 
Sedimentary Petrology shall be seven dollars 
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($7.00). Members and associates may re- 
ceive both Journals by the payment of 
seventeen dollars ($17.00). Members of the 
Society who are also members of the Paleon- 
tological Society and receive the Journal of 
Paleontology through the latter Society, may 
retain membership in the Society of Eco- 
nomic Paleontologists and Mineralogists by 
the payment of two dollars ($2.00) per year 
dues. The annual dues are payable in ad- 
vance on the first day of each calendar year. 
A bill shall be mailed to each member and 
associate before September 1 of each year, 
stating the amount of annual dues and the 
penalty and conditions for default of pay- 
ment. Members and associates who shall 
fail to pay their annual dues by January 1 
shall not receive further copies of either 
Journal, nor shall they be privileged to buy 
Society publications at special discounts 
made to the membership, until such arrears 
are met. 

3. The council may from time to time 
elect as honorary members, correspondents, 
and patrons, candidates who have been 
nominated by a majority vote of the re- 
search committee. A vote of four members 
of the council shall be required for election. 
Honorary members, correspondents, and 
patrons shall not be required to pay annual 
dues. 


ARTICLE II, DUTIES AND PRIVILEGES 


OF MEMBERS 


1. Members and associate members 
dropped for non-payment of dues may apply 
to the council for reinstatement, and, pro- 
vided settlement is made of any outstanding 
indebtedness for publications and other 
charges approved by the council, may be 
reinstated by vote of four members of the 
council. 

2. Members shall be eligible to receive 
publications of the Society at special sub- 
scription rates as authorized by the council 
or as provided in these by-laws. 

3. The council is authorized to transmit 
without charge such publications as it may 
direct to honorary members, correspondents, 
and patrons. 

4. Only active and honorary members 
shall have the right to vote in electing 
officers and in transacting the business of 
the Society. 
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ARTICLE III. OFFICERS 

1. Nominations for officers shall be made 
in the following manner. Prior to September 
1 of each year, the president shall designate a 
nominating committee to consist of not less 
than five members none of whom shall be 
members of the council, instructing this com- 
mittee to submit two nominations for presi- 
dent, vice-president, and secretary-treasurer, 
and nominations for editors of the two 
Journals, these nominations to be in the 
secretary’s hands before September 15. If 
desired, this committee may nominate two 
slates of candidates for editor of one or both 
of the Journals. 

2. Ballots containing the nominations for 
officers, alphabetically arranged under each 
office, shall be prepared by the secretary- 
treasurer and mailed to each member of the 
Society on or before October 1. Neither the 
ballot nor the enclosing envelope need con- 
tain the name of the voting member, but an 
outer envelope that contains the sealed 
ballot must bear the name of the voting 
member. The returned ballots received by 
the secretary-treasurer on or before Decem- 
ber 1 shall be counted by him, and if re- 
quested, shall be submitted to recount by 
the council. A plurality of the votes received 
for any office constitutes election. 

3. If, after his election by the regular 
ballot, the president shall not be able to 
discharge the duties of his office, because of 
death or resignation, the duly elected vice- 
president shall then assume the duties and 
title of president with all of the authority 
vested in him by the Constitution. In the 
event the vice-president shall not be able to 
assume said duties, then the succession shall 
be in the following order: past-president, 
secretary-treasurer. If none of the above 
mentioned members of the council shall be 
able to assume the office of the president, 
then a special election shall be held in which 
at least two qualified members, nominated 
by the council, shall be voted upon by the 
membership by means of a special mailed 
ballot. Any vacancies in the normally con- 
stituted council caused by such succession or 
for any other reason may be filled with a 
temporary appointment by the council. 

4. Nominees for the office of president 
shall be active members in good standing, 
who shall have served (or may be serving 
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concurrently at the time of nomination) as 
vice-president, secretary-treasurer, chair- 
man of the Research Committee, or editor 
of one of the Society’s official publications. 

5. The vice-president shall be the officer 
of the council responsible for arrangements 
for the annual meeting, including selection 
of program chairmen, and shall keep in 
close contract with the Research Committee 
and others concerning technical papers and 
symposia to be presented. 


ARTICLE IV. PUBLICATIONS 


1. There shall be two editors, one for the 
Journal of Paleontology and one for the 
Journal of Sedimentary Petrology. The edi- 
tors shall be in charge of editorial business of 
their respective Journals. Each shall submit 
an annual report of such business, shall have 
authority to solicit papers and material for 
such Journals, and may appoint associate or 
co-editors. 

2. The Journal of Paleontology and the 
Journal of Sedimentary Petrology are desig- 
nated as official publications of the Society. 
The council is not authorized to initiate and 
publish other periodicals. 

3. A publication fund may be established 
consisting of an assignment of a portion of 
dues as designated by the council, and such 
donations as are specifically made for that 
purpose. The council is authorized to pro- 
vide special publications from this fund as 
may be deemed desirable, and to fix terms 
for sale or other distribution of these pub- 
lications. 


ARTICLE V. FINANCIAL METHODS 


1. No financial obligations shall be con- 
tracted without express sanction of the 
Society or council, but all ordinary inci- 
dental running expenses 
without special action. 

2. Statements of accounts charged to the 
Society, other than miscellaneous running 
expenses, shall be approved by the president 
before the secretary-treasurer pays the 
amount out of funds of the Society not 
otherwise appropriated, and the receipted 
bill shall be held as the secretary-treasurer’s 
voucher. 

3. The secretary-treasurer shall have 
charge of the financial affairs of the Society 
and shall annually submit reports as secre- 


have sanction 
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tary-treasurer covering the fiscal year. He 
shall receive all funds of the Society, and, 
under the direction of the council, shall dis- 
burse all funds of the Society. He shall cause 
an audit to be prepared annually by a public 
accountant at the expense of the Society. 
He shall give a bond, and shall cause to be 
bonded all employees to whom authority 
may be delegated to handle Society funds. 
The amounts of such bonds shall be set by 
the council and the expense shall be borne 
by the Society. The funds of the Society 
shall be disbursed by check as authorized by 
the council. 

ARTICLE VI, BUSINESS REPRESENTATIVES 

The president and the secretary-treasurer 
of the Society shall act as business repre- 
sentatives of the Society in the business 
committee of The American Association of 
Petroleum Geologists. These representatives 
shall conduct such business with the execu- 
tive committee of the Association as is of 
mutual interest to the Society and the Asso- 
ciation in the interims between the annual 
meetings of the Society and the Association. 
Approval of the action of these representa- 
tives on the part of the Society during any 
year is reserved to the council in session at 
the annual meeting at the close of that 
year. Questions remaining unsettled be- 
tween the representatives of the Society 
and the executive committee of the Associ- 
ation shall be considered in a joint meeting 
of the council of the Society or its author- 
ized representatives and the executive com- 
mittee of the Association at the 
meeting of the Association at the close of 
the interim period during which such ques- 
tions have arisen. 

ARTICLE VII. SECTIONS 

1. The establishment of local sections of 
the Society may be authorized by unanimous 
vote of the council approving a petition for 
such establishment signed by ten members 
of the Society. Such local sections may elect 
officers, conduct meetings, and engage in 
other scientific activities. 

2. The council is authorized and directed 
to withdraw the charter of any established 
local section if there is evidence that it has 
become inactive. 


SOCIETY RECORDS 


annual. 


AND ACTIVITIES 


ARTICLE VIII. DIRECTORS OF AMERICAN 
GEOLOGICAL INSTITUTE 


1. The president and the past-president 
shall be directors of the American Geological 
Institute, the past-president being the senior 
director. They shall represent the Society on 
said Institute. The term of office as directors 
shall begin at the fall meeting of the Ameri- 
can Geological Institute following assump- 
tion of their office and shail terminate two 
years later; provided that this provision in 
no way extends their terms of office as mem- 
bers of the council of the Society. 

2. In the event of a vacancy by resig- 
nation, death, or other causes among the 
two directors who represent the Society on 
said Institute, the president of the Society 
shall nominate a director from the ranks of 
active members of the Society, and this 
director shall complete the unexpired term. 


ARTICLE IX. REPRESENTATIVE ON NATIONAL 


RESEARCH COUNCIL 


At the expiration of each three-year 
term, the president shall appoint a repre- 
sentative on the National Research Council 
to serve for a term of three vears. 


ARTICLE X. 


1. The objectives and duties of the 
Research Committee shall be to foster and 
encourage research; to advise the Society 
and council on research activities which 
may concern the Society, or which may be 
recommended or initiated under its sponsor- 
ship; to develop a symposium for the annual 
meeting if so requested; to select recipients 
for Best Paper Awards each year for each 
Journal; to nominate candidates for honor- 
ary members, correspondents, and patrons; 
and to deal with any other matters referred 
to it from time to time by the president or 
the council. 

2. The activities of the Committee shall 
be directed by a chairman and a vice-chair- 
man, to be appointed by the president, with 
the approval of the council, from the active 
members of the Committee. The term of the 
appointment of the chairman shall be one 
year. The vice-chairman will normally suc- 
ceed the chairman the following year. In 
the event either of these offices is vacated for 
any reason, the council shall appoint a 


RESEARCH COMMITTEE 





SOCIETY RECORDS AND ACTIVITIES 


qualified 
term. 

3. Membership of the Committee shall 
be appointed by the president from mem- 
bers and associates of the Society. The 
Committee shall consist of fourteen mem- 
bers, but this total may be changed at the 
discretion of the council. Two committee 
members, preferably one paleontologist 
and one mineralogist, shall be chosen from 
each of several geographic regions to be 
selected by the council. In addition, ad- 
visory members may be appointed from 
foreign areas. The terms of appointment of 
members and advisory members shall be 
for three years. Appointments shall be 
staggered, with the junior member from any 
region serving at least one year with the 
senior member from that region. If vacan- 
cies develop on the Committee the presi- 
dent shall make suitable appointments for 
the unexpired term. 


replacement for the unexpired 


ARTICLE XI. PUBLICATIONS COMMITTEE 


1. The membership of this committeeshall 
consist of five members, including a chair- 
man, three other members, and the chair- 
man of the Research Committee as an ex- 
officio member. The tenure of office of the 
chairman and members shall be two years. 
Membership of the committee shall be ap- 
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pointed by the president from members and 
associates of the Society. 

2. The duties of the Publications Com- 
mittee shall be to recommend to the council 
manuscripts or symposia which merit con- 
sideration as S.E.P.M. special publications. 
The Publications Committee shall further 
recommend type of reproduction, number of 
copies, and cost figures of manuscripts or 
symposia. 

3. Upon approval of the council, this com- 
mittee, with the appropriate Society editor 
or editors, shall edit (or have edited), and 
publish these manuscripts or symposia. 

4. The activities of this committee will in- 
clude recommending to the council sugges- 
tions for improving the quality of our So- 
ciety Journals consistent with the budgeted 
monies allotted for publication. 


ARTICLE XII. AMENDMENTS 


The by-laws may be amended at any 
annual business meeting by two-thirds vote 
of the members present, or by mail ballot 
sent to the members, in which case two- 
thirds of the returned ballots received in 
sixty days after mailing must approve the 
amendment in order to make it effective. 
Any proposed changes to the by-laws must 
first have the approval of the council. 
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